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Abstract 
 
Owing to the ongoing advancement in technology, escalating population sizes and urbanization 
rate, fossil fuels (coal, petroleum oil and natural gas) remain attractive as an energy source to 
run most of the daily operations. Consequent to heavy consumption of fossil fuels, the world 
faces detrimental challenges such as future energy security and environmental 
concerns.  Combustion of fossil fuels results in emission of greenhouse gases such as CO2 and 
SO2 thereby contributing to global warming and acid rain problems. These alarming challenges 
drive the need for exploration of alternative energy sources to reduce dependence on fossil 
fuels. 
 
Presented in this dissertation is a study of biodiesel, a biodegradable, non-toxic and 
environmentally benign energy source as an alternative to petroleum-based fuels. Chemically 
known as fatty acid alkyl ester (FAAE), biodiesel is commonly produced from vegetable oils 
or animal fats in addition to methanol by a catalysed transesterification reaction. Currently, 
biodiesel is more expensive than petroleum diesel due to high operation costs incurred during 
the production process. Despite the high prices, biodiesel production continues to grow on an 
industrial scale across the world as supported by policy measures and biofuel targets. 
Researchers have identified two main factors that contribute to high costs of biodiesel 
production; 1) type of feedstock and 2) type of catalyst used in the production 
process.  Conventional methods of production use edible oils as feedstock. This becomes 
unjustified due to the potential price hikes in the food market owing to the prospective 
competition between fuel and food industries. As a result, numerous researchers reported on 
the use of cheap and non- edible feedstock oils such as waste cooking oil and animal fat.  
 
However, the challenge with the use of non-edible oils is their high content of free fatty acids 
(FFA) which is unattractive for a smooth transesterification process, more especially when 
homogeneous base catalysts are used. Homogeneous base catalysts are widely used in current 
industrial biodiesel production methods because they yield faster transesterification processes 
due to increased reaction rates. However, these types of catalysts are much sensitive to FFA, 
so when high FFA content feedstock is used, a saponification reaction occurs which 
consequently reduces the yield of biodiesel. An additional process unit is required to reduce 
the FFA content via esterification process prior to the main transesterification reaction. 
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Furthermore, since the reaction mixture is homogeneously combined with the product, an 
additional process unit for product separation is required to recover the resulting biodiesel from 
the mixture, translating into additional production costs.  
 
Researchers are currently exploring the use of heterogeneous catalysts, which tend to avoid the 
saponification reaction and reduce the need for an esterification reaction used as oil pre-
treatment step to reduce FFA content. This dissertation is therefore dedicated to attaining a 
economic and environmentally attractive process for biodiesel production using cheap non-
edible beef tallow oil (BTO) and a heterogeneous hydroxy sodalite (H-SOD) catalyst.  
Some industrial operations such as zeolite manufacturing processes produce a low grade H-
SOD  as by products, which is in turn disposed as chemical waste and therefore induces ground 
water contamination concerns. Exploration on the use of H-SOD as catalyst can largely 
contribute to the environmental protective measures as a waste management process among 
other benefits. The use of H-SOD is extensively reported in current research development on 
membrane separation; limited research reports on the use of H-SOD material to catalyse 
chemical processes are present in literature. For the first time in open literature, H-SOD is 
reported as the solid catalyst for biodiesel production in this dissertation.  
 
The investigative study commenced with a preliminary study to gauge the feasibility of using 
H-SOD as a catalyst where a batch transesterification of waste cooking oil (WCO) was studied. 
The reaction was conducted at 60 ᵒC for 12 h at a methanol-to-WCO ratio of 7.5:1 using 3 
wt. % H-SOD catalyst with a particle size of just below 300 Å, the stirring intensity was kept 
at 1000 rpm to ensure uniform mixing throughout the reaction. The product obtained after the 
reaction was analysed using a pre-calibrated Chromatography-Mass Spectrometer (GC-MS) 
described in Chapter 5, and the results demonstrated the possibility of catalysing a 
transesterification reaction using solid H-SOD. 
  
Under the same reaction conditions, the study was then extended to an investigation on the use 
of H-SOD to catalyze transesterification of BTO (4.53 % FFA) to FAME. The results showed 
that FAME was produced, at a yield of 39.6% and a conversion of 68.4%. Seeing that the yield 
and conversion obtained is relatively small compared to literature findings, the effect of some 
process conditions on the conversion and biodiesel yield were studied. The transesterification 
reaction was conducted with variations in the mixing intensity (700 – 1250 rpm), catalyst 
particle size (200 – 300 Å), reaction time (6 – 24 h) and reaction temperature (40-60 °C). The 
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maximum performance of H-SOD catalyst for a transesterification of BTO was achieved with 
a conversion of 78.3% and biodiesel yield of 62.9% obtained at optimum conditions:  a stirrer 
speed of 1000 rpm, with the smallest catalyst particle size of 200 Å at maximum temperature 
of 60 °C and 24 h reaction time. The values of activation energy, reaction constants and 
frequency factor obtained from the kinetic study were 0.0011 min-1, 5.52 x108 min-1 and 79.20 
kJ/mol, respectively, and are within the range of the results reported in literature. As a result, 
solid H-SOD is recommended as a catalyst for the batch transesterification of BTO in a 
biodiesel production process.  
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CHAPTER 1:  BACKGROUND OF THE STUDY 
1.1. Introduction 
 
In the recently released International Energy Outlook 2016, the US Energy Information 
Administration has estimated a significant growth in global energy demands in the next 24 
years. The energy consumption was projected to escalate from 549 quadrillion Btu to 815 
quadrillion Btu, a 48 % growth between 2012 and 2040 (U.S. Energy Information 
Administration 2016). The fast growth of economies in developing countries such as China 
and India continues to influence the energy consumption rate mainly because of 
industrialization and the increase in gross domestic product per capita (Chai et al. 2016; 
Hubacek et al. 2017). Other factors contributing to high energy consumptions are population 
size and urbanization rate (Nejat et al. 2015). Fossil fuels (natural gas, coal and oil) make up 
the largest portion of primary energy source amid a broader range of sources of energy, 
accounting for 86% of the total energy consumed on a global scale (World Energy Outlook 
2008). Energy derived from fossil fuels made both economic and industrial sense upon 
discovery during the industrial revolution in the 18th century, thereby replacing biomass as 
source of energy. Coal was perceived inexhaustible and the fact that it could be used in its 
natural form made it much more attractive to the energy industry (U.S.  Department of Energy 
2013; Wrigley 2013). 
 
However, modern research has demonstrated that fossil fuels reserves are potentially 
diminishing and therefore they are not as inexhaustible (Ayompe et al. 2011), as a result, the 
world faces a challenge with energy security. In the past decades, the discovery of detrimental 
effects of the continuous combustion of fossil fuels brought to attention the crucial need for 
researchers to explore alternative energy sources. Combustion of fossil fuels for energy 
generation results in emission of greenhouse gases; carbon dioxide (CO2), methane (CH4) and 
nitrous oxide (N2O). The increased concentration of these gases in the atmosphere potentially 
results in global warming. Consequently, other ways of generating energy have become of 
great interest in current ongoing research. Extensive work under the search for alternative 
methods of energy generation have demonstrated the potential of the use of renewable energy 
sources including but not limited to solar energy, geothermal, wind power and the use of 
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biofuels (Foleya et al. 2012; Zhou et al. 2010; Yang et al. 2007; Agarwal 2007; Heberle & 
Brüggemann 2010).  
 
 Renewable technologies are referred to as clean and sustainable energy sources for their ability 
to minimize environmental impacts by reducing greenhouse gas emissions and minimizing 
secondary wastes (Panwar et al. 2011). Explored in this study is a type of biofuel portfolio; 
biodiesel, which represents over 80% of biofuels production and accordingly, it is the main 
alternative to diesel fuel (Mata et al. 2010; Bozbas 2008). Biodiesel is chemically termed fatty 
acid alkyl ester (FAAE). The naming for the alkyl group depends on the type of alcohol used 
in the biodiesel production process, for example, methanol is most commonly used, and in such 
a case the naming of the resulting biodiesel product is fatty acid methyl ester (FAME). The 
transesterification reaction where methanol is used also referred to as methanolysis. Biodiesel 
is a biodegradable, non-toxic and environmentally benign diesel fuel and its study as an 
alternative fuel to reduce dependence on fossil fuels has become an attractive area of research 
(Makgaba & Daramola 2015; Marchetti et al. 2007; Ramadhas et al. 2005). It is a viable 
alternative fuel as it meets the strict fuel quality and engine performance, completed the health 
effects testing requirements according to the 1990 Clean Air Act (CAA) Amendments and is 
legally registered with the Environmental Protection Agency (EPA) for sale and distribution 
(Speight 2011; Makama 2012). Furthermore, biodiesel can be mixed at any proportion with 
diesel; hence it can be applied in diesel engines without much additional modification. A more 
realistic idea however, is not to replace petroleum diesel, but to use biodiesel as a blend; the 
Life Cycle Analysis (LCA) of biodiesel have demonstrated the possibility to reduce greenhouse 
gas emission by blending biodiesel with diesel in the transport sector (Beer et al. 2000).  
 
Biodiesel is commonly produced from vegetable oils or animal fat using transesterification 
reaction. The reaction involves the use of short chained alcohol, usually methanol, as well as a 
catalytic material. The cost of biodiesel remains high compared to petroleum diesel, due to 
economical inefficiencies resulting from its production process. Conventional methods of 
biodiesel production involve the use of edible oils. Seeing that there is a potential for 
competition between the food and fuel industries, utilization of edible oils as feedstock in the 
biodiesel production becomes unjustified, as a result, researchers have opted for exploring of 
non-edible oils such as Jatropha oil, animal fat and waste cooking oil as alternative feedstock 
for biodiesel production (Guo et al. 2012; Aransiola et al. 2012; 2013; Daramola et al. 2016). 
Non-edible oils usually contain high content of Free Fatty acids which tends to be unfavorable 
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for transesterification reaction, more especially when homogeneous base catalysts are used. 
Saponification reaction occurs in conjunction with the transesterification reaction thereby 
reducing the yield of biodiesel. Furthermore, an additional process unit for product separation 
is required to recover the resulting biodiesel from the mixture with the catalyst (Hemmat et al. 
2013; Canakci & Sanli 2008). 
 
The use of heterogeneous catalysts tends to overcome the effect of saponification reaction, 
reduces the need for an esterification reaction used as oil pre-treatment step to reduce content 
of the FFA (Islam et al. 2013) and potentially eliminates the need for high investments in the 
additional product separation step. The process of transesterification reaction is influenced by 
process variables such as reaction temperature, reaction time and type of catalyst amongst 
others (da Cunha et al. 2009; Jagadale & Jugulkar  2012; Kim et al. 2004). This study further 
explored the influence of some of reaction parameters on the performance of the 
transesterification reaction of waste beef tallow over solid hydroxy sodalite catalyst. The aim 
of this study was to investigate the viability of using cheap non-edible beef tallow oil for 
biodiesel production. This in turn paves a way for effective disposal of the waste (Belgharza, 
et al. 2014). Furthermore, this study assessed the feasibility of using a potentially economic 
catalyst (H-SOD) for the transesterification of waste oils to biodiesel.   
 
1.2. Problem statement  
 
 
While biodiesel fuel is appealing due to its environmental benefits, it is currently more 
expensive to produce on an industrial scale compared to petroleum diesel. The present study 
sought a more economically sustainable method for producing biodiesel. The high costs of 
production in conventional methods are mainly due to the costs of feedstock and type of 
catalyst used for biodiesel production (Musa, 2016; Narasimharao, Lee, & Wilson, 2007; 
Thanh, Okitsu, Van Boi, & Maeda, 2012). Extensive research was conducted on the 
exploration of cheap non-edible oil feedstock for the production of biodiesel such as waste 
cooking oil (WCO) and waste animal fat (Adewale, Dumont, & Ngadi, 2015; Alptekin, 
Canakci, & Sanli, 2014; Diasa J. M., et al., 2012; Chuah, Klemeš, Yusup, Bokhari, & Akbar, 
2017; Hassani, Najafpour, & Mohammadi, 2016; Fatah, Mansour, & Fouad, 2016). WCO as 
an alternative feedstock is more cost effective but there is currently insufficient supply of 
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waste cooking oil to meet the anticipated demand of biodiesel. For instance, in the United 
States, an estimated amount of 100 million gallons can be produced from used cooking oil 
per year, which is about 1 % of the US diesel fuel market (Tabak, 2009). While the application 
of waste cooking oil is limited to smaller scale projects, the availability of animal fat in large 
quantities from abattoirs makes animal fat appealing as a potential feedstock when thoroughly 
investigated (Atadashi et al. 2012). Therefore, in the present study, cheap and readily 
available waste beef tallow fat was used as feedstock. Biodiesel derived from animal fat oil 
proves to contain high cetane number and calorific value compared to vegetable oil derived 
biodiesel (Diasa et al. 2012). On the other hand, conventional methods for biodiesel 
production use homogeneous catalysts, which also contribute to high costs of production 
since an additional product separation process is required to separate the homogeneous 
catalyst from the product mixture (Dehkordi & Ghasemi 2012). 
Furthermore, homogeneous base catalysts react with the FFA in the oil via saponification; an 
unwanted soap formation side reaction which use up a part of the triglyceride and results in 
lower product yields. Recent studies attract investigations on heterogeneous catalysts, which 
amongst others, are associated with an advantage of easy product separation as opposed to 
homogeneous catalysts. Accordingly, this study explored the use of a heterogeneous base 
catalyst; hydroxy sodalite, for the production of biodiesel. During heterogeneous catalytic 
reactions, catalysts are normally in solid form whereas the reactants are in gaseous or liquid 
form. Mass transfer or diffusion exists between the different phases; hence one finds that 
heterogeneously catalyzed reactions are more prone to mass transfer limitation than the 
homogeneous catalytic reactions. Despite the anticipated effect of mass transfer on the rate of 
the transesterification reaction, limited literature is available on the influence of mass transfer 
on the heterogeneously catalyzed transesterification reaction.  
 
1.3. Research questions  
 
To obtain the outcomes documented in this dissertation, the following questions were posed:  
 
1.3.1. Can H-SOD crystals catalyze transesterification reaction for the conversion of 
animal fat oil into biodiesel? 
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1.3.2. What is the effect of operating variables such as reaction time, temperature, 
catalyst particle size and mixing intensity on the yield of biodiesel produced via 
transesterification of animal fat oil to biodiesel over hydroxy sodalite catalyst? 
1.3.3. What is the kinetics of transesterification of animal fat oil into biodiesel over a 
H-SOD catalyst in a batch reactor? 
 
1.4. Specific objectives 
 
In order to answer the research questions, the study focused on the following objectives: 
 
1.4.1. To investigate the process of transesterification reaction for the conversion of 
animal fat to biodiesel over H-SOD catalyst in a batch reactor and compare the 
property to an existing standard biodiesel. 
1.4.2. To determine the kinetics of transesterification of animal fat oil into biodiesel 
over a H-SOD catalyst in a batch reactor. 
1.4.3. To investigate the influence of reaction temperature, reaction time, catalyst 
particle size and mixing intensity on the biodiesel yield during the 
transesterification of animal fat oil to biodiesel over H-SOD catalyst in a batch 
reactor. 
 
1.5. Scope of the study 
 
The scope of research under the biodiesel production process is broad. Some researchers have 
focused on testing various types of catalysts, homogeneous and heterogeneous, others 
evaluated catalyst kinetics. Other researchers investigated the choice of suitable feedstock and, 
or type of reactors appropriate for biodiesel production. Biodiesel production processes such 
as pyrolysis and transesterifications make a part of the broader scope of research, as well as 
cost evaluation of existing and potential methods for biodiesel production. The scope of this 
study was narrowed to: (1) Investigating the feasibility of novel H-SOD particle as catalyst for 
biodiesel production, (2) evaluating effects of operating variables on the production process 
and (3) investigating the kinetics of the H-SOD catalyst during a heterogeneous batch 
transesterification of animal fat oil. 
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1.6. Expected outcome 
 
Contribution to scientific research is in terms of enhanced understanding of kinetics and the 
influence of mass transfer during the conversion of animal fat to biodiesel using a solid hydroxy 
sodalite catalyst in a batch reactor. Numerous researchers have conducted studies on the use of 
H-SOD material in membrane separation technology. However, very little research has been 
reported on the use of this type of zeolite material for catalysis purposes.  As far as it can be 
ascertained, no other literature has been reported on the use of hydroxy sodalite particles to 
catalyze transesterification of tallow oil to biodiesel. As such, this study serves as the first to 
ever report the use of H-SOD particles for biodiesel production.  
1.7. Structure of the dissertation 
 
This dissertation is organized in to 8 main chapters. Chapter 1 gives background information 
about the study, detailing the problem statement as well as the aim and expected outcome of 
the study, Furthermore, the scope of the study is specified in this chapter. Chapter 2 gives the 
comprehensive review of literature in relation to the present study, highlighting the essential 
contribution of variety of researchers and identifying possible gaps in this field of study. 
Chapter 3 gives details about determination of properties of the biodiesel, Chapter 4 expatiates 
on the methods for H-SOD catalyst synthesis as well as characterization.  
 
A preliminary study was carried out to investigate the feasibility of using H-SOD particles to 
catalyze transesterification for biodiesel production; Chapter 5. Waste cooking oil feedstock 
was used for the purpose of preliminary investigation, for the reason that unlike animal fat, it 
does not require intense process conditions (such as longer reaction times). In Chapter 6, H-
SOD catalyst was tested on animal fat oil feedstock, the resulting biodiesel was compared to 
the standard biodiesel. From the results obtained in Chapter 6, the reaction performance was 
relatively low, initiating a further study detailed in Chapter 7, where the influence of reaction 
parameters on the transesterification reaction performance was investigated. The results 
obtained in Chapter 7 allowed an estimation of optimum values of reaction parameters to 
achieve high transesterification reaction performance. The reaction kinetics was investigated 
in Chapter 8. Chapter 9 details the conclusion of the study and the recommendations for future 
work.  
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CHAPTER 2:  LITERATURE REVIEW 
2.1.  What are biofuels?  
 
Fuels, which are directly or indirectly derived from organic matter- plant and waste animal 
material, are termed biofuels (Demirbas, 2007). With the advancement of technology on 
biofuel production, materials such as sugar crops, oil crops, lignocellulose crops, algae, aquatic 
biomass and animal waste materials are continuously seeing their use in the biofuel industry 
(Stöcker 2008; Parikka 2004; Menon & Rao 2012; Hinchee et al. 2010; Alptekin et al. 2014). 
Types of biofuels include bioethanol, biodiesel and biogas and bio-ethers which are industrially 
produced worldwide. Biodiesel can be used in diesel engines with little or no modification to 
the engine mechanism, and is commonly produced by transesterification of vegetable oils or 
animal fats (Canakci & Sanli, 2008). Bioethanol fuels are used in gasoline engines and are 
derived from sugar, starch or lipids by fermentation process. With slight engine adaptations, 
biogas can be used in gasoline engines and it is derived from manure by anaerobic digestion 
(Naik et al. 2010; Ellabban et al. 2014). 
 
Benefits of biodiesel: 
 
 Biodiesel is derived from renewable and domestic feedstock, hence potentially sustainable and 
reduces dependence on fossil fuels. Biodiesel has a flashpoint higher than that of petroleum 
diesel or gasoline; as a result, it is one of the safest fuels available (Aransiola et al. 2014). Other 
environmental benefits of biodiesel include its low toxicity, less polluting, reduces greenhouse 
gases. It generally lowers harmful emissions compared to petroleum diesel and is 
biodegradable. Production and use of biodiesel contribute significantly less emissions, about 
78% less than petroleum diesel (Tri-State Biodiesel 2015). The emission profile of biodiesel 
contains lesser SO2, CO2, unburned hydrocarbons and particulate matter than petroleum diesel. 
Biodiesel does not contribute to acid rain formation due to its lack of sulphur or aromatics 
content. Pure biodiesel with no sulphur provides an operational advantage of extending the life 
of catalytic converters. Biodiesel also provides significant improvement in lubricity over 
petroleum diesel. It is miscible with diesel so can be used in its purest form; B100 i.e. 100% 
biodiesel or blended with petroleum diesel in any percentage; commonly B2, B5 or B20 which 
are 2%, 5% or 20% biodiesel, respectively. Even 1% blending of biodiesel with diesel can 
provide up to 30% increase in lubricity. The good lubricating properties of biodiesel are capable 
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of lengthening the life of an engine. Furthermore, biodiesel can be distributed through the diesel 
fuel pumps that are already in existence, hence little or no modification of pumps will be 
required (Makgaba & Daramola 2015; Ramadhas et al. 2005; Atadashi et al. 2012; Tri-State 
Biodiesel 2015; Demirbas 2007; 2008; Gupta & Demirbas, 2010). 
 
Drawbacks of biodiesel: 
 
There are however some downsides of biodiesel. Compared with petroleum diesel, biodiesel is 
significantly more expensive; about one and half times more expensive (Mata et al. 2010; 
Galvez & Berge 2013; Goodstein 2008). High costs of producing biodiesel are primarily due 
to the cost of feedstock, which comprises 50-70% production costs. Vegetable oil feedstock 
such as soybean, only constitutes a small percentage; about 20 % of extractable oil, and energy 
used to manufacture fertilizers coupled with agricultural processes (cultivating, harvesting and 
transporting) for growing the vegetable crops play a significant role in escalating the biodiesel 
production costs (Ramadhas et al. 2005). In its purest form, biodiesel becomes problematic 
during cold temperatures; viscosity and cold flow properties such as cloud point and pour 
points are higher than those of petroleum diesel fuel. Solid wax crystal nuclei tend to form at 
low temperatures resulting in engine start-up problems, fuel filters may become clogged and 
have to be replaced from time to time. Biodiesel also act aggressively with rubbers hoses in 
some engines, making them susceptible to corrosion which may cause leakages (Gupta & 
Demirbas 2010; Galvez & Berge 2013). Biodiesel is associated with increased emissions of 
nitrogen oxide which can form smog, so to some extent, it can contribute to global warming 
and climate change. The other disadvantage is that the calorific value of biodiesel is generally 
lower than that of petroleum diesel (Ramadhas et al. 2005). 
2.2.  Generations of biofuels 
 
Biofuels are classified in to different generations depending on their production technologies 
(Demirbas 2008), particularly the kind of feedstock from which the biofuel is produced. First 
generation biofuels are produced from sugar, starch and grains which are primarily useful for 
both food and livestock feed. The first generation biofuels are currently being produced in some 
countries; Brazil, USA, China and India. The future of biofuel production using current 
technologies however becomes questionable due to the issues of competition with the food 
market, the rising costs of some edible crops and food stuffs due to biofuel production, and the 
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high production costs of biofuels among others (Padula et al. 2014). Second generation biofuels 
can be produced using non-food sources such as wood and industrial waste and can potentially 
solve the problem of competition with food market, but are currently not yet commercially 
produced in any country to date (Razzaque 2013 ). The third generation biofuels also known 
as Oilgae or Algae fuel is looking at algae as production feedstock (Demirbas 2008). The third 
generation biofuels are still applied only under research; considerable developments are 
required before they can contribute much in the energy generation market. 
 
2.3.  Biodiesel production process 
 
The potential use of pure vegetable oils to power engines was documented over a century ago 
by Dr. Rudolf Diesel (1858-1913); the German inventor and a mechanical engineer who 
invented the diesel engine (Salameh 2014). Vegetable oils are non-toxic and are derived from 
renewable sources unlike diesel. The major challenge with the use of vegetable oils is that they 
are highly viscous and may cause mechanical problems when used directly in diesel engines 
(Kibbey et al. 2014). The high viscosity of vegetable oils prompted researchers to investigate 
several methods which could possibly reduce the viscosity of vegetable oils. Some of the 
methods explored are dilution, pyrolysis (or thermal cracking), micro-emulsion and 
transesterification (Kibbey et al. 2014). 
2.3.1. Biodiesel production methods 
 
Dilution is primarily a blending of vegetable oil with diesel fuel in an attempt to improve 
viscosity. In a review on biodiesel production, Ma and Hanna (1999) recognized other factors 
that attribute to the impracticability implementation of dilution or the use of raw vegetable oils 
in engines; acid composition, gum formation due to oxidation and polymerization during 
storage and combustion, carbon deposits, and lubricating oil thickening. 
 
Microemulsion generally describes a thermodynamically stable dispersion of two immiscible 
liquids stabilized by surfactants or co surfactants, the dispersion looks as clear as a 
homogeneous solution due to the small droplets size; diameter range 1-150 nm (Ma & Hanna 
1999), In short, Microemulsions are clear, stable isotropic fluids with three components; oil 
phases, aqueous phase and a surfactant (Abbaszaadeh et al. 2012), and can be classified into 
ionic and non-ionic microemulsions as per type of surfactant used. In the case of biodiesel 
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production, the immiscible liquids are oil and a solvent such as methanol, ethanol or 1-butanol 
(Agarwal 2007; Parawira 2010). This technique is used for its benefits including short 
production period, simple implementation, no heat energy requirement and no by-product 
formation due to non-involvement of chemical reactions which also results in lower production 
costs (Bora et al. 2015), and in addition increase in cetane number results in good spray 
characteristics in the biodiesel (Ma & Hanna 1999; Parawira 2010; Gashaw & Teshita 2014).  
Nonetheless, emulsified and microemulsified biofuel have been reported to provide 
inconsistent lube oil consumption and produce more deposits of carbon and lacquer on the 
engine components (e.g. injector tips, intake valves and tops of the cylinder liners) than diesel 
fuel (Melo-Espinosaa et al. 2015), furthermore, continuous use of micro-emulsified diesel in 
engines causes problems like injector needle sticking and incomplete combustion 
(Abbaszaadeh et al. 2012; Parawira 2010; Gashaw & Teshita 2014). 
 
Pyrolysis (thermal cracking) is the process of converting one organic substance in to another 
using heat in the absence of air (or oxygen) or by heat with an aid of a catalyst (Abbaszaadeh 
et al. 2012; Gashaw & Teshita 2014). Studies have shown that the pyrolysis of vegetable oil to 
produce biofuels produces alkanes, alkenes, alkadienes, aromatics and carboxylic acids in 
various proportions (Gashaw & Teshita 2014). Pyrolysed vegetable oils tend to contain trace 
amount of contaminants such as sulphur, water and sediments which could lead to corrosion 
problems with in the engine (Kamaruddin et al. 2013). The combustion of vegetable oils with 
sulphur content has a negative environmental impact (Parawira 2010); it could lead to SO2 
emissions which contribute to acid rain formation.  Also, thermal cracking is quite and 
expensive process owing to high maintenance costs of the distillation unit for various fractions 
separations, the removal of oxygen during the thermal processing limits the benefits of using 
oxygenated fuel and furthermore, the pyrolytic chemistry is difficult to characterize due to the 
presence of variety of reaction paths and products (Ma & Hanna 1999; Gashaw & Teshita 2014; 
Abbaszaadeh et al. 2012; Gashaw & Teshita 2014; Kamaruddin et al. 2013). Among these 
methods, transesterification seems to be best choice owing to simplicity of the process and the 
fact that the resulting fatty acid ester has characteristics much closer to that of diesel (Demirbas 
2008).  
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2.3.2. Transesterification reaction for biodiesel production 
 
Transesterification term primarily describes organic reactions involving transformation of one 
type of ester into the other by an interchange of alkoxy moiety (Schuchardt et al. 1998; Pathak 
2015). When alcohol is used, the transesterification reaction is termed alcoholysis i.e. the 
organic group R″ of an ester is exchanged with the organic group R′ of an alcohol to form a 
different type of ester (FAAE)and a different alcohol in the presence of a catalyst. The alkyl 
group naming of the resulting ester varies with the type of the alcohol used, for example, if in 
the case of methanol, the term becomes FAME. Vegetable oils or animal fat are used as an 
ester source; triglyceride to be reacted with a short chained alcohol to form glycerol and the 
FAAE (Demirbas 2008). The transesterification reaction mechanism is composed of a 
sequence stepwise of reversible reactions as depicted in Figure 1.  Triglycerides react with FFA 
to form Glyceride (GL) and the alkyl ester, the reactions of glycerol and alkyl ester form 
monoglyceride (MG) and diglyceride(DG) in subsequent stepwise reactions (Rachmanto et al. 
2014).  
 
 
  
        Figure 1: The transesterification reaction mechanism (Rachmanto et al. 2014). 
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2.3.3. Feedstock for biodiesel production 
 
Biodiesel feedstock is generally classified into four main types which include vegetable oils, 
algae, waste animal fats and used cooking oil. There are many other alternative feedstock 
sources such as the jatropha curcas and madhuca indica which are normally preferred in 
regions with climate conditions which do not support the growth of the traditional sources 
(Moser 2009). Feedstock sources are initially tested for properties such as moisture content, 
free fatty acid, kinematic viscosity, saponification value, volatile matter, insoluble impurities, 
oxidation stability, sulphur and phosphorus, calcium and magnesium. It is desirable that 
feedstock sources for biodiesel production possess the following characteristics: adaptability 
to local growing conditions (rainfall, soil type, latitude, etc.), regional availability, high oil 
content, favorable fatty acid composition, compatibility with existing farm infrastructure, low 
agricultural inputs (water, fertilizer, pesticides), definable growth season, uniform seed 
maturation rates, potential markets for agricultural by-products, and the ability to grow in 
agriculturally undesirable lands and/or in the off-season from conventional commodity crops 
(Moser 2009).  
 
Due to the issue of competition between fuel and food industries, and high costs affiliated with 
virgin oil, research on triglyceride source for biodiesel production narrowed to the use of waste 
cooking oil and waste animal fat as alternative resources. Animal fats that are currently studied 
include pork lard, BTO and mutton fat (Diasa et al. 2012; Ito et al. 2012; Mutreja et al. 2011). 
The use of waste material is not only beneficial due to low costs and availability (Canakci & 
Sanli 2008), but they also contribute to alleviation of environmental impacts that may be 
incurred when they are incorrectly managed (Diasa et al. 2012). Used animal fat unlike virgin 
oils constitute high content of free fatty acid. During the process of frying, the oil undergoes 
decomposition into different by-products, one of which is FFA. Decomposition is due to heat, 
moisture or foods being fried. For biodiesel production, homogeneous base catalysts such as 
sodium hydroxide and potassium hydroxide which are commercially used react with the FFA 
by a process of saponification; an unwanted soap formation side reaction (Pinto et al. 2005).  
 
2.4.  Catalysis in biodiesel production via transesterification reaction 
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The reaction for biodiesel product via transesterification depends largely on the presence of the 
catalyst, either homogeneous or heterogeneous catalyst (Atadashi et al. 2012). The difference 
between heterogeneously catalyzed reactions and homogeneously catalyzed reactions is on the 
basis of their phases; the former involves a reaction where catalyst is in the same reaction phase 
as the reactants and products and the former involves different phases, but the reactants and 
products may be in the same phase. Industrial methods for biodiesel production involve the use 
of homogeneous catalysts such as sodium hydroxide and potassium hydroxide, because they 
are highly selective to biodiesel product and they are associated with high activity (Atadashi et 
al. 2012; Sheldon et al. 2007). Homogeneous catalysts generally employed are either basic or 
acidic. Basic catalysts are normally preferred to acid catalysts since they yield faster reaction 
rates among other benefits. (Freedman et al. 1984).  
 
The use of homogeneous catalysts becomes a problem when it comes to costs consideration of 
the industrial biodiesel production process. This is as a result of the operational costs incurred 
during the addition of the product separation process unit, furthermore, depending on the 
quality of the reaction process, a washing stage may also be required which implicates extra 
costs of washing water.   More over basic homogeneous catalysts exhibit high level of 
sensitivity to water and free fatty acid contents in the oil feed, as a result, they tend to react 
with the free fatty acids to form soap. There will therefore be a need to add a pretreatment step, 
to reduce the content of free fatty acids prior the main transesterification step (Luque & Melero 
2012).  
 
Scientists therefore saw a need to investigate the use of heterogeneous catalysts as an attempt 
to reduce the current operational costs during biodiesel production. Product separation process 
is less intense when heterogeneous catalysts are used, for example, physical process such as 
filtration or decantation may be used to separate the solid catalyst from the liquid reaction 
mixture (Bhaduri & Mukesh 2001). Heterogeneous catalysts are generally less sensitive to the 
presence of free fatty acids in the oil, hence the oil pretreatment step can be avoided (Atadashi 
et al. 2012; Islam et al. 2013; Agarwal 2007) potentially reducing the operational costs. 
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2.5.  Reactors for biodiesel production  
 
One other way to investigate the transesterification reaction for biodiesel production is by using 
continuous flow reactors such as packed bed reactor/plug flow reactors and continuous stirred 
tank reactors. Continuously operated reactors are preferred to batch reactors because they are 
efficient during large scale commercial processes, as they result in consistent quality of the 
product at low capital and operating costs (He et al. 2005). 
 
One of the simplest ways to investigate transesterification reaction for the production of 
biodiesel is by using laboratory batch stirred reactors (Banković-Ilić et al. 2014). Batch reactors 
are generally used for their advantage of high flexibility and good control of the amount of 
feedstock used in laboratories as well as commercial scales. Transesterification reactions 
conducted using batch reactors are associated with high product purities, however, the reaction 
residence times are usually long (Leevijit et al. 2004; Veny et al. 2014; Darnoko & Cheryan 
2000). The other disadvantage of the use of batch reactors is that they are mostly suitable for 
plants that run on small scale.  
 
2.6.  Factors influencing biodiesel production via transesterification  
 
One way to reduce the high costs of biodiesel is to reduce its operating costs by optimizing the 
operating parameters (Eloka-Eboka et al. 2014). A large portion of investigative research in 
biodiesel production was conducted on the effect of process variables on the performance of 
transesterification reaction. Most studies focused on the in-depth investigation of 
transesterification reaction mechanism (da Cunha et al. 2009; Jagadale & Jugulkar  2012; Kim 
et al. 2004; Odin et al. 2013) which directly links to the economy of the process. Generally, the 
efficiency of converting oil to biodiesel by transesterification depends largely on process 
variables such as reaction time, reaction temperature, extent of mixing, alcohol to oil molar 
ratio and the amount of catalyst (da Cunha et al. 2009; Jagadale & Jugulkar  2012), Kim et al. 
2004; Eloka-Eboka et al. 2014; Abbah et al. 2016; Anastopoulos et al. 2009). 
Transesterification reaction is endothermic in nature; hence the reaction temperature influences 
the rate of transesterification reaction by improving the frequency of particle collision 
(Daramola et al. 2016; Farooq et al. 2016).  
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2.7.  Effect of mass transport in biodiesel production via heterogeneous catalysis  
 
The mixture of the polar alcohol and the non-polar triglyceride is inherently heterogeneous due 
to low mutual solubility. Thus, mass transfer limitation exists due to the thin film between the 
two phases thereby decreasing the reaction rates.  However, research has reported on the 
possibility to force a homogeneous mixing between alcohol and triglycerides by optimizing 
reaction conditions such as temperature, pressures and molar ratio (Liu 2013). Some 
researchers have also demonstrated the effect of mixing speed on the homogeneity of the 
reactants in the transesterification process using variety of oil feedstock and catalysts 
(Noureddini & Zhu 1997; Bambase et al. 2007; Rashid et al. 2009; Berchmans et al. 2013). 
The results showed that for homogeneously catalysed transeterification process, the impact of 
agitation intensity is only observed during the initial stage of the transesterification reaction 
where mass transfer is dominant, as the reaction proceed, the agitation intensity tends to have 
minimal effect on the transesterification process. When transesterification is established at 
optimum agitation level,the reaction becomes kinetically controlled and  primarily influenced 
by temperature (Berchmans et al. 2013).  
 
Heterogeneous catalytic reactions consist of catalysts in a different phase with the reacting 
species. Catalyst material is normally in solid form whereas the reactants are in gaseous or 
liquid form. Mass transfer or diffusion occurs between the different phases; hence one will find 
that heterogeneously catalyzed reactions are more prone to mass transfer limitation than 
homogeneous catalytic reactions (Klaewkla et al. 2011). There exists a further thin film 
between reactant mixture and the catalyst pellet as shown in Figure 2. During the 
transesterification process, the alcohol-oil bulk phase diffuses through the thin film 
surrounding the solid catalyst particle; this is called an external transport phenomenon. The 
liquid phase then diffuses into the catalyst particle core area through the pores in the process 
of internal mass transfer. It can be observed that the concentration of the bulk phase decreases 
with the thickness of thin film depicted by the distance in Figure 2.  
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Figure 2: Illustration of concentration profile of the reactants in the presence of the solid 
catalyst particles. 
 
The catalytic reaction takes place when the reactants come into contact with the catalyst active 
site which is located within the internal surface of the porous catalyst pellet. The process of 
heterogeneous catalysis can be explained in seven classic steps; the first two steps describe the 
diffusion of the reactants from the bulk phase of the fluid to the external surface of the catalyst 
pellet; external mass transfer, then from the external surface through the pores to the internal 
surface where the reaction would take place; internal mass transfer (Portha et al. 2012; Veny 
et al. 2014 ; Chen et al. 2001). The third step describes the adsorption of the reactants on to the 
active site of the catalyst, the reaction takes place in the fourth step and the desorption of the 
products from the active sites occur during the fifth step. The last two steps involve the 
diffusion of the products from the internal surface of the catalyst, and the diffusion through the 
pores (Portha et al. 2012; Veny et al. 2014; Chen et al. 2001; Chulalaksananukul et al. 1992).   
 
The little research available on the study of mass transfer effects on heterogeneously catalyzed 
transesterification has demonstrated the possibility of minimizing the effect of external mass 
transfer limitation. This can be done introducing vigorous mixing to the transesterification 
reaction thereby reducing the thickness of the thin film; as a result, the reaction rates are 
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improved (Kumar et al. 2010; Rashid et al. 2009; Bambase et al. 2007).  Among other factors, 
internal mass transfer occurring inside the pores of catalyst pellet depends on the catalyst 
particle size (Yori et al. 2007). 
 
2.8.  Kinetic studies for transesterification reaction  
 
Over the last decades, researchers have studied kinetics of biodiesel production process using 
homogeneously catalyzed transesterification reaction. Extensive literature exists for kinetic 
studies of transesterification reaction with the use of homogeneous transesterification reaction, 
where the impact of temperature and reaction time was demonstrated (Jain & Sharma 2010; 
Darnoko & Cheryan 2000; Noureddini & Zhu 1997). In recent years, research developments 
have gradually been made on the investigation of the kinetics on the heterogeneously catalyzed 
transesterification for biodiesel production. Most researchers have demonstrated that the 
experimental data for heterogeneously catalyzed transesterification reactions suitably fit into a 
pseudo first order (PFO) kinetic model (Jacob et al. 2008; Liu et al. 2008; Di Serio et al. 2008; 
Vujicic et al. 2010; Zhang et al. 2010; Jaya & Ethirajulu 2011; Birla et al. 2012; Fatah et al. 
2016; Olutoye & Hameed 2016; Nasreen et al. 2016; Vafakish & Barari 2017). These 
researchers successfully determined the values of reaction rates, activation energies and pre-
exponential factors which are essential for reactor design. Particularly informing the reactor 
design process in terms of the predictive extent of the transesterification reaction, and the 
efficiency of solid catalysts usable during conversion of a range of oil sources. However, there 
are no published reports on kinetics of transesterification reaction catalyzed using H-SOD.  
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CHAPTER 3:  PROPERTIES OF WCO AND ANIMAL FAT 
 
A number of factors including the quality of the feedstock oil during production process 
influences the quality of the biodiesel. Presented in this chapter, is the results and methodology 
used to determine some of the properties of animal fat or waste cooing oil used in this study. 
These are acid value, saponification value and iodine value.  
 
 
3.1. Acid value (AV) 
 
Compared to other oils used for transesterification reaction, animal fat and waste cooking oil 
potentially contain high percentage of FFA i.e. way more than the ideal 1%. As a result, animal 
fat or waste cooking oil would not be ideal feedstock for transesterification reaction over a 
homogeneous alkaline catalyst. To confirm the need for a heterogeneous catalyst, FFA content 
in the BTO and WCO was determined to ensure that it exists in a considerable amount. It was 
also required to prove the tolerance of H-SOD to the high content of FFA in biodiesel 
production. Determination of the FFA content was carried out and the acid value of the beef 
tallow oil/ waste cooking oil/ biodiesel produced was calculated using Equation 1:  
 
𝐴𝑐𝑖𝑑 𝑣𝑎𝑙𝑢𝑒 =
𝐾𝑉𝐶
𝑚
                                                                                                                         (1) 
 
Where K is the neutralization number for oil/fat with a value of 56.1, it is the mass of KOH in 
milligrams required to neutralize 1 g of chemical substance. C is the concentration of the titrate 
solution (g/ml). The volume of KOH required to neutralize the fat/oil sample is denoted as V 
(ml). The mass of fat/oil sample used is denoted as 𝑚 (g). 
 
3.2. Saponification value (SV) 
 
The process of saponification involves the breaking down neutral fat molecules into glycerol 
and fatty acid by treating it with an alkali substance. This value defines the number of 
milligrams of potassium hydroxide required to neutralize 1 gram of fat, containing fatty acids 
thereby giving insights on the degree of fatty acids contained in the fat/oil, whether the 
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proportion is high or low. To carry out the experiment, 2 grams of the fat/oil sample was 
weighed in a flask, where a 25 ml alcoholic Potassium hydroxide solution was added (1.0 N) 
and then stirred. A condenser was attached to the flask and the mixture was gently boiled using 
a water bath, thereby allowing saponification to proceed at a reaction time of about 45 minutes. 
The mixture was then cooled down, and 1ml of phenolphthalein indicator was added to the 
resulting mixture. Titration on the mixture was then carried out using hydrochloric acid (0.5N) 
until the end point, where the pink color disappeared; the blank titration was carried out in a 
similar manner and at the same time as the fat/oil sample test. Saponification value was then 
calculated using Equation 2 as follows:    
 
𝑆𝑎𝑝𝑜𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 =
56.1 × 𝑁 × (𝑉𝑏 − 𝑉𝑠)
𝑊𝑠
                                                                      (2)    
 
Where N specifies the normality of hydrochloric acid, Vb is the volume of hydrochloric acid 
used in the blank (ml), Vs is the volume of hydrochloric acid used in the fat/oil sample (ml) 
and Ws is the weight of the fat/oil sample (g) (Odoom & Eduse, 2015). 
 
3.3. Iodine value (IV) 
 
The iodine number defines the grams of iodine consumed by 100 g of fat/oil. It is used to 
estimate the degree of unsaturation in fats and oils. It indicates the number of double bonds 
present in the length of the carbon chain. Generally, iodine value is lower in animal fats than 
vegetable oil. To estimate the iodine value, an experiment was conducted using Wij’s 
methodology (Odoom & Eduse, 2015). 1 gram of fat/oil sample was weighed and transferred 
to a 500 ml volumetric flask, where 15 ml of carbon tetrachloride was added and the mixture 
was stirred to allow the sample to dissolve, 25 ml of Wijs solution was the pipetted into the 
flask, and the mixture was further stirred to ensure that it is well mixed. The resulting mixture 
was left in a dark place for about 30 min, where the temperature was kept at room temperature. 
The solution of potassium iodide was then added (10 %) at a volume of 20 ml, as well as 150 
ml of distilled water. Titration was then conducted on the resulting mixture using a solution of 
0.1N thiosphate until the yellow color disappeared, indicating end point. The blank titration 
was carried out in a similar manner and at the same time as the fat/oil sample test. Iodine value 
was then calculated using Equation 3 as follows:    
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𝐼𝑜𝑑𝑖𝑛𝑒 𝑉𝑎𝑙𝑢𝑒 =
12.69 × (𝑉𝑏 − 𝑉𝑠) × 𝑁
𝑊𝑠
                                                                                   (3) 
 
Where N specifies the normality of thiosulphate solution, Vb is the volume of thiosulphate used 
in the blank (ml), Vs is the volume of thiosulphate used in the fat/oil sample (ml) and Ws is the 
weight of the fat/oil sample (g). 
 
3.4.Results and discussion 
 
Table 1 and Table 2 show the physical properties of WCO and BTO used in this study, 
particularly saponification value, iodine value and the acid value. According to previous 
studies, the base-catalyzed transesterification requires that oil samples should have FFA 
content less than 1% to avoid the occurrence of hydrolysis and saponification reactions 
(Atadashi et al. 2012; Banković-Ilić et al. 2014; Farooq et al. 2016). In this study, the FFA 
contents of WCO and BTO were determined at 3.28% and 4.53%, respectively 
(correspondingly acid values of 6.53 mg KOH/g and 9.01 mg KOH/g). Compared to literature, 
the values obtained from the FFA content of the oils used in this study were relatively high. 
This can be attributed to the age and storage of these oils; these oils were stored in the 
laboratories for a long time, over 2 years. As demonstrated in the study conducted by 
Obahiagbon (2012), the longer storage time of the oils correspond to increased level of FFA 
content. The high amount of FFA found in BTO and WCO justified the need to use a solid 
catalyst during transesterification reaction. Unlike homogeneous catalysts, heterogeneous 
catalysts are less sensitive to FFA; as a result, the likelihood of soap formation, a side reaction 
that reduces the biodiesel yield is minimized.  
 
Although the FFA content was relatively high, the production of biodiesel was successful 
owing to the use of solid H-SOD as a catalyst for transesterification. Since the structure of H-
SOD is made up of Si-O-Si, it tends to exhibits the behavior similar to that of sodium 
metasilicate, whereby hydrolysis reaction with sodium silicate and water resulted in the 
formation of NaOH and Si-O-H (Guo & Fang 2012), thereby suppressing the formation of soap 
because of the decreased water content (less than 4%) Guo et al. (2012). The tolerance of H-
SOD to water could be attributed partly to its porous structure. Furthermore, the unique 
structure of the catalyst could enhance sequential hydration to occur in three steps when there 
are high amounts of water present. In addition, the Si-O-Si bridges that form the cages of the 
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H-SOD could hydrolyze and cause H4SiO2 monomers to be released and thus produce -OH 
which prevents soap formation. 
Other properties of the raw material such as saponification value and iodine value fell within 
the range of values reported in literature (Raqeeb & Bhargavi 2015; Chuah et al. 2017; Mata 
et al. 2014; Ma & Hanna 1999) as shown in Table 1 and Table 2. Furthermore, the Fatty Acid 
profile obtained from the GC-MS results confirmed the quality of feedstock used in this study, 
in terms of the content of fatty acid in the oil samples. Compared to vegetable oils which are 
generally rich in unsaturated fatty acids, animal fat oils are rich in saturated fatty acids (Talwar 
2016). Acid profile for the tallow used in this experiment is shown in Table 4; it shows that the 
BTO is rich in saturated palmitic acid. This is in agreement with results reported in literature 
where it was demonstrated that about 50% of the total fatty acids in BTOs are saturated. The 
studies specifically demonstrated the high contents of palmitic and stearic acids hence BTOs 
are high in viscosity and melting points (Adewale et al. 2014; 2015; da Cunha et al. 2009). This 
explains why they are solid at room temperature and therefore the need for heating prior the 
transesterification reaction. As anticipated, the acid profile for the WCO shown in Table 3 
confirms results in literature where high content of unsaturated acids is reported by some 
researchers (Talwar 2016; Hassani et al. 2016). 
 
 
 
Table 1: Physico-chemical characteristics of WCO. 
 
Properties Units Present 
study 
Literature  
(Raqeeb & Bhargavi 2015) 
(Chuah et al. 2017) 
Saponification value  mg KOH/g 188.3 188.0  - 207.0  
203.4  - 206.2 
Iodine value  gI2/100 g   60.33 83.0    -  141.5 
57.2    -  58.2 
Acid Value  mg KOH/g    6.53 1.32    -  3.60 
2.01    -  2.07 
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Table 2: Physico-chemical characteristics of BTO. 
 
Properties Units Present 
study 
Literature 
(Raqeeb & Bhargavi 2015) 
(Chuah et al. 2017) 
Saponification value  mg KOH/g 188.3 188.0  - 207.0 
203.4  - 206.2 
    
Iodine value  gI2/100 g 60.33 83.0    -  141.5 
57.2    -  58.2 
    
Acid Value  mg KOH/g 6.53 1.32    -  3.60 
2.01    -  2.07 
 
 
Table 3: Fatty Acid Composition of WCO. 
System name Common name  Lipid number Weight % 
Tridecanoic acid Tridecylic acid C13:0 0.39 
Undecanoic acid Undecylic acid C11:0 5.41 
Linoleic acid Linoleic acid C18:2 56.95 
Oleic acid Oleic acid C18:1 20.15 
Octadecanoic acid Stearic acid C18:0 0.39 
Other Other - 16.71 
 
 
Table 4: Fatty Acid Composition of BTO. 
System name Common name  Lipid number Weight % 
Decanoic acid Capric acid C10:0 0.92 
Undecanoic acid Undecylic acid C11:0 0.01 
Tridecanoic acid Tridecylic acid C13:0 9.42 
Hexadecanoic acid Palmitic acid  C16:0 83.88 
Oleic acid Oleic acid C18:1 0.17 
Docosenoic acid Urucic acid C22:1 1.89 
Other Other   3.71 
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CHAPTER 4:  CATALYST PREPRATION AND 
CHARACTERIZATION 
 
4.1. Introduction 
 
This chapter focuses on the synthesis and characterization of the H-SOD particles. H-SOD is 
naturally a crystalline aluminosilicate, which is a type of a zeolite material belonging to a 
clathrasils group (Teimouri et al. 2015; Narimani & Kharamesh 2014). Due to high thermal 
stability, high mechanical strength and increased surface active sites, zeolites find their use in 
chemical industry as catalysts, molecular sieves or membranes, adsorbents as well as ionic 
exchangers (Nabavi et al. 2014; Xu et al. 2004; Fernando & Singh 2007; Li & Xie, 2006; 
Helwani et al. 2009). Researchers have emphasized the advantages of using highly basic 
materials to catalyze the transesterification reaction such as faster reaction speeds and less 
corrosiveness (Freedman et al. 1984; Watkins, et al. 2004). As a result ,  H-SOD was proposed 
and used in this study as solid catalyst for transesterification reaction due to its high alkalinity 
and low costs (Teimouri et al. 2015). The hydroxy sodalite particles were prepared by 
hydrothermal synthesis method, similar to the one described by Daramola et al. (2016) in their 
study on the synthesis and characterization of nanocomposite hydroxy sodalite as a membrane. 
 
4.2. Materials 
 
Anhydrous sodium metal silicate (Na2SiO3), sodium hydroxide (NaOH), anhydrous sodium 
aluminate (NaAlO2) were purchased from Sigma-Aldrich, South Africa. Deionized water was 
prepared in-house, at the school of chemical and metallurgical engineering laboratories, 
University of the Witwatersrand. 
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4.3. Methods 
 
4.3.1. Catalyst preparation 
 
The synthesis solution was prepared from a mixture of the anhydrous sodium metal silicate 
(Na2SiO3), sodium hydroxide (NaOH), anhydrous sodium aluminate (NaAlO2) and in-house 
de-ionized water. The materials were mixed in a polytetrafluoroethylene (PTFE) bottle and 
stirred for an hour on a hot plate magnetic stirrer at room temperature. The vigorously stirred 
precursor solution resulted in a molar composition ratio: 5SiO2:Al2O3:50 Na2O: 1005H2O, 45 
ml of the solution was then transferred into a portable Teflon-lined stainless steel autoclave 
which was subjected to heat in an oven at 140˚C for 3.5 h. At the end of the hydrothermal 
synthesis, the hot autoclave was cooled down by running tap water and the prepared hydroxy 
sodalite crystals were filtered from the resulting product mixture and washed thoroughly with 
deionized water until the pH of the washed water was neutral. The washed crystals were then 
collected on the filter paper and transferred to a crucible from where they were left to dry 
overnight at 100˚C in an oven. Prior to transesterification reaction, the dried hydroxy sodalite 
particles were calcined at 200 ˚C for 2 h to remove moisture and possible volatile substances 
thereby increasing the catalyst activity. 
4.3.2. Catalyst characterization 
 
To investigate the surface chemistry, Fourier transform infrared spectroscopy (FTIR) was used 
to check for the chemical functional groups of the catalyst, with a wave number range from 
400 to 4000 cm-1. In order to carry out the scanning electron microscope (SEM) analysis, the 
hydroxy sodalite catalyst was coated with ultrathin gold/palladium alloy due to its 
nonconductive nature. The determination of surface topology and morphology of the catalyst 
was determined by SEM, performed on a Carl Zeiss, which was operated at an accelerated 
voltage of 5.00 kV. Pore size, pore volume and surface area measurements were obtained on a 
Micrometrics Tri-Star 3000 surface area and porosity analyzer at 77K using nitrogen gas, by 
Brunauer, Emmett and Teller (BET) method. Thermal gravimetric analysis (TGA) was carried 
out to understand thermal stability of the hydroxy sodalite particles. To measure the 
crystallinity of the catalyst, X-ray powder diffraction(XRD) analysis was carried out using the 
Rigaku’s Ultima IV X-ray diffractometer operating with CuKα radiation ((λ = 1.5406 Å), and 
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equipped with a graphite monochromator in the diffracted beam. Approximation of the H-SOD 
crystalline size was done using the Scherrer Equation as follows:  
 
𝐷 =
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
                                                                                                                                             (4) 
 
Where D is the average particle size (Å), K is the dimensionless shape factor also known as 
Scherrer constant, λ is the X-ray wavelength (Å), β is the FWHM i.e.  Line broadening at half 
the maximum intensity (radians), θ is the Bragg angle (degrees).  
 
4.3.3. Results and discussion 
 
Figure 3 shows the SEM images for the synthesized H-SOD particles. The Energy Dispersive 
X-ray (EDX) of the H-SOD crystals showed that Si/Al= 1-1.5, which indicates an identification 
of the H-SOD (Makgaba & Daramola 2015). Although the SEM image shows the successful 
synthesis of the H-SOD crystals, a mixture of H-SOD particles with cubic shape and nano rod-
like shape were also observed. The morphology observed during this study is consistent with 
literature where hydroxy sodalite particles were synthesized at different shapes; during the 
investigation conducted on the emulsion derived synthesis of urchin- shaped H-SOD particles, 
Kundu et al.  (2010) observed particles composed of various nanorods. Furthermore, in another 
study, cube shaped, thread-ball shape and flowerlike shapes were observed during an 
investigation on the aqueous – based hydrothermal synthesis in the presence of 
Cetyltrimethylammonium bromide (Naskar et al. 2011).  
 
The FTIR spectrum in Figure 4 shows the asymmetric stretching vibration of T-O-T (T-Si, Al) 
at ~1000 cm-1. In addition, the peaks around 740 cm-1 and 660 cm-1 can be assigned to the 
symmetric stretching vibration of T-O-T. The presence of water molecules in the framework 
of the synthesized H-SOD is vividly shown with the strong broad band centered at ~3600 cm-
1  (Breck, 1974) This information confirms the synthesis of   pure H-SOD particles and is in 
agreement with literature (Buhl et al. 2011). In addition to the FTIR results, XRD results in 
Figure 5 confirmed the formation of H-SOD particles. The H-SOD crystallite sizes were found 
to be 276 Å as per Scherrer equation based on the resulting XRD diffractogram.  Furthermore, 
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the synthesized pattern agrees with the simulated XRD pattern which is documented in the 
database of zeolite structures by IZA (International Zeolite Association 2017) 
 
TGA results for the synthesized H-SOD particles shown in Figure 6 are in agreement with 
literature (Li et al. 2007; Yao et al. 2006), where mass loss of about 12.3% is observed with 
the increase in temperature. Loss of mass could be due to the loss of structural water during 
heating up to just above 200 ˚C. The additional drastic mass loss of the H-SOD up to above 
400 ˚C may be attributed to the possible decomposition of organic functional groups occurring 
at higher temperatures (Li et al. 2007; Yao et al. 2006). The BET Surface area, pore volume 
and the pore size derived from the nitrogen adsorption data for the synthesized H-SOD 
particles are 0.1643 m²/g, 0.0013 cm³/g and 30.9192 nm, respectively as shown in Table 5. 
Similar results were observed by Daramola et al. (2016) in their study on a statistical approach 
of investigating the influence of process variables on the transesterification reaction of WCO 
over sodium silicate catalyst. During this study, the BET surface area, pore volume and the 
pore size were reported at 0.39 m²/g, 6.24 × 10-3 cm³/g and 59.18 nm, respectively. Considering 
the very low surface area of the catalyst, it cab be concluded that the cage of the sodalite is 
occluded with materials such as water molecules as described elsewhere(Daramola et al. 2016). 
 
 
Figure 3: SEM images for the H-SOD catalyst particles. 
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    Figure 4: FTIR Spectrum for the H-SOD catalyst particles. 
 
 
 Figure 5: XRD results for the synthesized H-SOD particles compared to the IZA simulated 
sodalite pattern. 
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    Figure 6: TGA results for the synthesized H-SOD particles synthesized 
 
Table 5: BET Surface area, pore volume and pore size derived from the nitrogen adsorption data for the synthesized H-SOD 
particles 
Parameter Value 
BET Surface Area (m²/g) 0.1643 
Pore Volume (cm³/g) 0.0013 
Pore Size (nm) 30.9192 
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CHAPTER 5:  TRANSESTERIFICATION REACTION OF     
WCO OVER A SOLID H-SOD CATALYST  
 
5.1. Introduction   
 
In this chapter, a preliminary investigation was carried out to investigate the feasibility of using 
the hydroxy sodalite particles to catalyze transesterification reaction. The investigation was 
conducted on the batch methanolysis process for the conversion of waste cooking oil (WCO) 
to biodiesel over the heterogeneous H-SOD catalyst.  Numerous studies demonstrated the use 
of typical edible plant oils, such as soybean, rapeseed oil and palm oil for the production of 
biodiesel (Guo & Fang 2012; Canakci & Sanli 2008; Jacob et al. 2008). These raw materials 
are not entirely suitable, more especially in developing countries, due to the limited supply and 
high cost associated with their application, as well as competition with the food chain. 
Therefore, low cost, non-edible oils such as Jatropha oil, animal fat and waste cooking oil have 
been suggested and tested as alternatives (Guo et al. 2012; Aransiola et al. 2012; 2013; 
Daramola et al. 2016).  
 
However, the main disadvantage of these non-edible types of feedstock is the high content of 
free fatty acid (FFA) within the oils, which poses problems in the production process. 
Consequently, Biodiesel from high FFA content feedstock is conventionally produced by a 
two-stage process:  esterification, followed by transesterification (Abbaszaadeh et al. 2012; 
Aransiola et al. 2013).  The esterification step serves to reduce the amount of FFAs present in 
the oil in order to allow for the transesterification reaction to commence. The implication of 
this additional process unit is inevitably the additional costs associated with the biodiesel 
production. In recent times, the use of heterogeneous catalysts has been proven to be very 
effective in converting high FFA feedstock directly to biodiesel, thereby by-passing the 
esterification stage (Guo & Fang 2012).  
 
The most commonly used heterogeneous catalysts for the production of biodiesel are ion-
exchange resins, inorganic-oxide solid acids and supported noble-metal oxides. However, a 
dramatic decrease in the catalytic activity of these catalysts has been observed due to their 
absorption of water during biodiesel production. Besides the sharp reduction in the catalytic 
activity, the catalysts can form a slurry with the products by absorbing water and carbon 
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dioxide, thereby increases the viscosity of the product mixture, making product separation very 
difficult (Li et al. 2014).  In this chapter, H-SOD, a type of zeolite material is introduced as a 
catalytic material for transesterification reaction. Among other solid catalysts, H-SOD is much 
attractive owing to its ability to thrive during intense reaction conditions, without dramatic loss 
in catalytic activity. Furthermore, H-SOD is relatively inexpensive and is easy to synthesize 
and implement Teimouri et al. (2015). The results from the preliminary investigation on the 
use of H-SOD particles to catalyze the transesterification of WCO into FAME when a batch 
reactor is use are presented in this chapter.   
 
5.2. Materials 
 
Waste cooking oil used for the preliminary investigation was obtained from a local restaurant, 
in Braamfontein, Johannesburg, South Africa. Gas Chromatography analytical standard 
chemicals; FAME (MIX, C4-C24, 100MG NEAT) and glycerol (99 %) used in this study were 
purchased from Sigma-Aldrich (Pty), South Africa. 
 
5.3. Transesterification reaction using WCO as feedstock 
 
H-SOD particles were firstly prepared using hydrothermal synthesis method as described in 
Chapter 4, and used as a catalyst for the transesterification process. The experimental set up 
for the transesterification reaction is shown in Figure 7. The WCO was boiled at 100 ˚C to 
remove moisture, and was filtered to remove solid particles. The reaction was carried out in a 
250 ml three necked round bottomed flask, batch reactor setup; equipped with a reflux 
condenser to prevent loss of methanol. The flask charged with relevant amount of WCO, 
methanol and H-SOD particles was immersed in a temperature controlled water bath placed on 
a hot plate magnetic stirrer.  The reaction conditions were: reaction time 6 h; reaction 
temperature 60 ˚C; methanol-to-WCO ratio 7.5:1; catalyst weight percentage 3 wt. %; stirrer 
intensity 400 rpm. After the completion of the reaction, the catalyst particles were recovered 
from the mixture by filtration through nylon filter paper (0.45 µm pore dimension). A 
separating funnel was used to separate the products; the resulting glycerol was drained from 
the bottom of the funnel while biodiesel was collected from the top. Analysis of the samples 
was performed using a pre-calibrated Gas Chromatograph equipped with a LECO GCxGC 
Thermal Modulator (GC-MS, model: Agilent 7890N) described in section 5.4 below. .  
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Figure 7: Transesterification experimental set up. 
 
 
 
 
 
 
 
 
 
5.4. GC-MS method 
 
 
Analysis of biodiesel and oil samples (animal fat  and waste cooking oil) was performed on a 
Gas Chromatography (Agilent 7890B) coupled with a mass spectrometer (LECO GC x GC-
TOF Low resolution mass spectrophotometer) due to its accuracy in identifying and 
quantifying minor components.  
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Sample preparation: For quantitative analysis, a 10-ppm stock solution was prepared, by 
diluting the neat biodiesel standard in a 10-mL volumetric flask. This stock was stored in a 
fridge at 4 oC pre-to analysis. Then 8 calibration points (0.001, 0.005, 0.01, 0.025, 0.05, 0.1, 
0.5, 1 ppm) / standards were prepared into 2 mL GC vails by taking an appropriate volume 
from the stock and diluting with  dichloromethane (DCM, HPLC grade). For qualitative 
analysis, samples were prepared such that their concentration was within the limit of 
quantification.  
 
Injection Method: Samples to be analysed were placed in a 98 sample tray and the syringe 
was pre-washed  3 times with 8 uL of Chloroform (HPLC grade). A 1 µL oil sample or standard 
biodiesel was injected into the injection port which had a blue-sky liner (split single taper 
gooseneck w/Wool 4mm x 6.5 x 78.5) ; Gerstel Multi-Purpose Auto sampler.  
 
GC Methods: Column type (Rxi-5 Sil MS), length 29.002 m of (30m), with internal diameter 
250µm, and film thickness of 0.25 µm with a maximum temperature of 360 oC was used. 
Carrier gas was Helium (99.999%); front inlet type was Split/splitless with a split mode 
activated (split ratio 20:1). The Flow rate was 1.5 ml/min at constant flow while front inlet 
temperature was 280 oC throughout the run. The initial oven temperature of 50 oC for 
maintained for 0.2 min and ramped at 15 oC/min, to 200 oC, then ramped at 8 oC/min to 300 oC 
and held at this temperature for 2 min. Transfer line temperature was 250 oC. 
 
 MS Methods: Acquisition delay of 4.0 min, mass range of between 40 to 600 m/z, with 
acquisition rate of 10 spectra/second, acquisition voltage at 1552 eV and electron energy 
(ionization energy) of -70 eV was used. The ion source temperature was 250 oC. 
Data Processing Methods: For qualitative analysis: The base line offset of 1 (just above the 
noise) was used, with a peak width of 4 secs and signal to noise (S/N) ratio of 10. The library 
search mode was normal and forward. The number of library hit was 10, while the minimum 
molecular weight allowed was 40 m/z and maximum molecular weight was 600 m/z. Mass 
threshold was 2% and minimum similarity before name was assigned was 50%. The library 
used was Replib and mainlb from NIST. For quantitative analysis,   a data processing method 
using the 8-point calibration curve was used where the area of each standard has been equated 
to the concentration.  
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5.5. Results and discussion   
 
The results for catalyst synthesis are shown as explained in Chapter 4, demonstrating the 
successful formation of H-SOD materials via hydrothermal synthesis. Biodiesel mixture 
obtained comprised major components of fatty acid methyl esters of long chain carbon chains 
(C6-C24).  The sample obtained after the transesterification reaction is depicted in Figure A1 
in the Appendix A. As an important qualitative property of biodiesel, the ester content of the 
produced biodiesel was evaluated chromatographically using GC-MS according to EN 14103 
standards. According to this standard, majority of the carbon chains that constitute biodiesel 
are from C14 to C24 and does not contain C7. Qualitatively, the results of the GC-MS analysis 
of the reaction products are shown in Figures 8 - 9 and Tables 6 - 7. It can be deduced that 
FAME components in the mixtures for both the standard and produced biodiesel could be 
identified and compared.  FAME peaks are only identified between 13 minutes and 19 minutes’ 
retention times for the produced biodiesel when compared to peaks in the standard. This can 
be attributed to the fact that the FAME components in the biodiesel largely depend on the type 
of feedstock used (Mata et al. 2014). However, major components making up biodiesel mixture 
are common in the two mixtures; confirming the feasibility of using the synthesized H-SOD 
as a catalyst for the transesterification reaction of WCO to biodiesel.  
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Figure 8: Chromatogram showing standard biodiesel components to validate WCO biodiesel 
(names provided in Table 6). 
 
 
 
Figure 9: Chromatogram showing  WCO biodiesel components (names provided in Table 7). 
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Table 6: GC-MS analysis results for the biodiesel standard to validate WCO biodiesel 
Peak 
no. Name   
RT 
(min:sec) 
Peak 
no. Name   
RT 
(min:sec) 
1 
Hexanoic acid, 
methyl ester C6:0 05:33 16 
Linoleic acid, methyl 
ester C18:2 15:37 
2 
Octanoic acid, methyl 
ester C8:0 07:44 17 Oleic acid, methyl ester C18:1 15:39 
3 
Decanoic acid, methyl 
ester C10:0 09:44 18 
Linolenic acid, methyl 
ester C18:2 15:40 
4 
Tridecanoic acid, 
methyl ester C13:0 10:39 19 
Octadecanoic acid, 
methyl ester C18:0 15:48 
5 
Dodecanoic acid, 
methyl ester C12:0 11:30 20 Arachidonic acid C20:4n6 16:37 
6 
Tridecanoic acid, 
methyl ester C13:0 12:19 21 
5,11,14,17-
Eicosapentaenoic acid, 
methyl ester(all-Z) - 16:39 
7 
Tetradecanoic acid, 
methyl ester C14:0 13:01 22 
Linolenic acid, methyl 
ester C18:2 16:43 
8 
Methyl tetradecanoic 
acid C14:0 13:06 23 
11,14-Eicosadienoic acid, 
methyl ester,(Z,Z,Z) - 16:48 
9 
Oleic acid, methyl 
ester C18:0 13:45 24 Oleic acid, methyl ester C18:0 16:50 
10 
Tridecanoic acid, 
methyl ester C13:0 13:49 25 
Linolenic acid, methyl 
ester C18:2 16:51 
11 
Hexadecanoic acid, 
methyl ester(Z) C16:0 14:23 26 
Eicosanoic acid, methyl 
ester C20:0 16:57 
12 
Hexadecanoic acid, 
methyl ester C16:1 14:31 27 
Hexadecanoic acid, 
methyl ester C16:1 17:31 
13 
Cyclopropaneoctanoic 
acid, methyl ester C17:1 15:03 28 Oleic acid, methyl ester C18:0 19:15 
14 
Tridecanoic acid, 
methyl ester C13:0 15:11 29 
Hexadecanoic acid, 15-
methyl-, methyl ester - 19:24 
15 
ҫ-Linolenic acid, 
methyl ester C18:2 15:32 
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Table 7:  GC-MS analysis results for the synthesized WCO biodiesel. 
 
 
 
 
5.6. Summary 
 
The results of the preliminary investigation revealed the possibility of converting WCO to 
biodiesel over calcined H-SOD catalyst. Although information about the conversion and the 
biodiesel yield with this catalyst is not provided in this chapter. This piece of information 
served as a basis for studies in the subsequent chapters.  
 
 
 
 
 
 
 
Peak no. Name   RT(min:sec) 
1 Tridecanoic acid, methyl ester C13:0 14:31 
2 Undecanoic acid, methyl ester C11:0 14:45 
3 Linoleic acid, methyl ester C18:2 15:37 
4 Oleic acid, methyl ester C18:1 15:39 
5 Octadecanoic acid, methyl ester C14:0 15:48 
6 9,12 Octadecanoic acid C18:2 15:54 
7 10-Undecyn-1-ol - 17:48 
8 9,12 Octadecadienoyl chloride - 19:14 
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CHAPTER 6:  TRANSESTERIFICATION OF ANIMAL FAT 
OIL TO BIODIESEL OVER SOLID SODALITE 
CATALYST 
 
6.1. Introduction 
 
Recent researchers have suggested and tested the use of non-edible oils such as Jatropha oil, 
animal fat and waste cooking oil as alternative feedstock for biodiesel production (Guo et al. 
2012; Aransiola et al. 2012; 2013; Daramola et al. 2016). However, the main disadvantage of 
these non-edible types of feedstock is the high content of free fatty acids (FFA) within the oils, 
which poses problems in the production process. Conventionally used base homogeneous 
catalysts are highly sensitive to FFA and water in the oil feedstock and thus have the tendency 
to react with the FFA to form soap which further complicates the glycerol-fame separation 
process. Consequently, biodiesel from high FFA content feedstock is conventionally produced 
by a two-stage process:  esterification, followed by transesterification (Yaakob et al. 2013). 
The esterification step serves to reduce the amount of FFAs present in the oil in order to allow 
for the transesterification reaction to commence (Sharma et al. 2010). The implication of this 
additional process unit is inevitably the additional costs associated with the biodiesel 
production. In this chapter, an investigation on the feasibility of using the hydroxy sodalite 
particles to catalyze transesterification reaction for the conversion of cheap waste animal fat-
beef tallow- was conducted and the results are explicitly presented.  
 
6.2.Transesterification reaction using BTO as feedstock. 
 
The detailed description of the catalyst synthesis is given in Chapter 4 of the study, and the 
transesterification reaction of BTO to biodiesel was carried out similar to the method described 
in Chapter 5. The tallow oil was extracted during the pre-treatment process where the fat was 
melted at temperatures just above 100 ˚C. This process allowed the removal of moisture; about 
70% and possible volatile substances, water can potentially hydrolyze the triglyceride to form 
free fatty acids, hence it is important that the oil feedstock used is low in moisture content. The 
oil was then filtered, to separate the liquid oil from solids such as gums and other suspended 
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particles. The conversion of BTO and biodiesel yield were calculated using the following 
equations: 
 
 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) =  
𝑀𝐹𝐴𝑀𝐸/𝑊𝐹𝐴𝑀𝐸  
3𝑀𝐵𝑇𝑂/𝑊𝐵𝑇𝑂
× 100                                                              (5) 
 
 
𝐵𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑌𝑖𝑒𝑙𝑑 =  
𝑀𝐹𝐴𝑀𝐸  
𝑀𝐵𝑇𝑂
× 100                                                                             (6) 
 
Where: 
MFAME  = Mass of FAME produced 
MBTO   = Mass of BTO feed 
WFAME  = Average molecular weight of FAME components 
WBTO = Average molecular weight of BTO 
 
6.3. Results and discussion 
 
Chromatographs for both the standard FAME (Figure 10) and experimentally produced  FAME 
mixtures (Figure 11) were obtained, where the peaks for the two mixtures were identified and 
compared. FAME components observed between 8 and 11 minutes’ retention times for the 
produced biodiesel are also observed in the Standard biodiesel round about the same retention 
times. Since FAME components of the product is a function of the type of feedstock used, the 
produced biodiesel does not contain all the FAME components identified in the standard 
FAME mixture.  However, major components making up biodiesel mixture are common in the 
two mixtures; confirming the feasibility of using the synthesized H-SOD as a catalyst for the 
transesterification reaction of animal fat oil to biodiesel. 
 
The reaction performance was relatively moderate, with conversions of oil to methyl ester of 
68.8% and biodiesel yield of only 39.6%.  Liu et al. (2007) obtained higher reaction 
conversions of greater than 90% during the study of the transesterification of poultry fat with 
methanol using Mg–Al hydrotalcite derived catalysts. However, the reaction parameters used 
in this study were relatively high, for an instance, a reaction conducted for 15 h at 120 °C and 
100 psi, 30:1 molar ratio of methanol to poultry fat and stirring speed of 1417 rpm, 93% 
conversion and 83% biodiesel yield were obtained. Although Liu et al. (2011) obtained the 
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beef tallow biodiesel with 96.3% conversion rate in a shorter reaction times, the reaction was 
homogeneously catalyzed using Sodium Hydroxide solution, the process would require an 
additional product separation step which would potentially increase production costs. Fröhlich 
et al. (2010) demonstrated the disadvantage of using homogeneous catalyst especially with low 
grade feedstock (High FFA content), a percentage conversion as low as 55% was achieved and 
the value further decreased to about 14% as the feedstock with even greater content of FFA 
was used.  
 
As demonstrated in Table 10, the results obtained in this chapter are similar to the results 
reported by some researchers (da Cunha et al. 2009) where the majority of the ester contents 
ranged between C14: 0 and C20:2. This complies with the specification by EN 14103 standards 
where the majority of carbon chains contained in the biodiesel range from C14:0 to C24:1 and 
does not contain C17:0, further confirming  successful synthesis of BTO biodiesel using H-SOD 
catalyst.  
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Figure 10: Chromatogram of the standard biodiesel used to validate BTO biodiesel (Names 
provided in Table 8) 
 
 
 
Figure 11: Chromatogram of the biodiesel sample obtained from the transesterification of 
BTO over H-SOD catalyst. (Names provided in Table 9) 
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Table 8: Standard FAME mixture composition to validate BTO biodiesel. 
Peak 
No.  
Identified Compound 
R.T. 
(min:sec) 
Formula 
Peak 
No.  
Identified Compound 
R.T. 
(min:sec) 
Formula 
1 Hexanoic acid, methyl ester 03:06.1 C7H14O2 17 Dodecanoic acid, methyl ester 10:41.9 C13H26O2 
2 Hexanoic acid, methyl ester 03:52.6 C7H14O2 18 
5,8,11,14-Eicosatetraenoic acid, 
methyl ester, (all-Z)- 11:26.8 C21H34O2 
3 Octanoic acid, methyl ester 04:39.2 C9H18O2 19 
5,8,11,14,17-Eicosapentaenoic 
acid, methyl ester, (all-Z)- 11:29.3 C21H32O2 
4 Undecanoic acid, methyl ester 06:07.0 C12H24O2 20 
9,12,15-Octadecatrienoic acid, 
methyl ester, (Z,Z,Z)- 11:32.9 C19H32O2 
5 Undecanoic acid, methyl ester 06:47.6 C12H24O2 21 
11,14-Eicosadienoic acid, methyl 
ester 11:39.6 C21H38O2 
6 Undecanoic acid, methyl ester 07:26.1 C12H24O2 22 
9-Octadecenoic acid (Z)-, methyl 
ester 11:41.2 C19H36O2 
7 Dodecanoic acid, methyl ester 08:02.6 C13H26O2 23 
9,12,15-Octadecatrienoic acid, 
methyl ester, (Z,Z,Z)- 11:42.3 C19H32O2 
8 
9-Octadecenoic acid (Z)-, 
methyl ester 08:33.4 C19H36O2 24 
Pentadecanoic acid, 14-methyl-, 
methyl ester 11:50.1 C17H34O2 
9 Dodecanoic acid, methyl ester 08:37.2 C13H26O2 25 
Hexadecanoic acid, 15-methyl-, 
methyl ester 12:29.7 C18H36O2 
10 
9-Octadecenoic acid (Z)-, 
methyl ester 09:06.7 C19H36O2 26 
11,14-Eicosadienoic acid, methyl 
ester 13:01.1 C21H38O2 
11 Undecanoic acid, methyl ester 09:10.2 C12H24O2 27 
Cyclopropanepentanoic acid, 2-
undecyl-, methyl ester 13:02.8 C20H38O2 
12 
9-Octadecenoic acid (Z)-, 
methyl ester 09:35.6 C19H36O2 28 Heneicosanoic acid, methyl ester 13:13.6 C22H44O2 
13 Dodecanoic acid, methyl ester 09:41.7 C13H26O2 29 Heneicosanoic acid, methyl ester 14:01.7 C22H44O2 
14 
9-Octadecenoic acid (Z)-, 
methyl ester 10:06.0 C19H36O2 30 
Cyclopropanepentanoic acid, 2-
undecyl-, methyl ester 14:41.4 C20H38O2 
15 Dodecanoic acid, methyl ester 10:11.7 C13H26O2 31 Heneicosanoic acid, methyl ester 14:53.9 C22H44O2 
16 ç-Linolenic acid, methyl ester 10:27.9 C19H32O2 
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Table 9: BTO Biodiesel mixture composition. 
Peak No.  Identified Compound R.T.(min:sec) Formula 
1 Butyric acid, methyl ester 03:07.9 C7H14O2 
2 Capric acid, methyl ester 06:06.6 C12H24O2 
3 Myristoleic acid (Z)-, methyl ester 08:33.7 C19H36O2 
4 Myristic acid, methyl ester 08:36.8 C13H26O2 
5 Pentadecanoic acid, methyl ester 09:08.7 C19H36O2 
6 Pentadecanoic acid, methyl ester 09:08.7 C19H36O2 
7 Palmitic acid, methyl ester 09:40.8 C13H26O2 
8 Stearic acid, methyl ester 10:43.4 C13H26O2 
9 11,14,17-Eicosatrienoic acid, methyl ester 11:32.5 C19H32O2 
10 11,14-Eicosadienoic acid, methyl ester 11:38.7 C21H38O2 
11 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 11:41.7 C19H36O2 
12 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 11:41.7 C19H36O2 
 
 
Table 10: BTO biodiesel ester component in comparison with literature. 
This study                        da Cunha et al. (2009)  
Butyric   C4:0 Miristic C14:0 
Capric   C10:0 Pentadecanoic C15:0 
Myristic   C14:0 Palmitic C16:0 
Pentadecanoic   C15:0 Palmitoleic C16:1 
Palmitic   C16:0 Heptadecanoic C17:0 
Stearic   C18:0 Stearic C18:0 
Myristoleic  (Z)-  C18:2 Elaidic C18:1 (trans) 
9,12,15-Octadecatrienoic   (ZZZ)- C18:2 Oleic C18:1(cis) 
11,14,17-Eicosatrienoic   C20:2 Linoleic C18:2 
    Arachidic C20:0 
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6.4. Summary 
 
In this chapter, the conversion of animal fat oil (beef tallow oil) into biodiesel over a solid H-
SOD catalyst was carried out and the results have demonstrated the possibility of biodiesel 
production using this catalyst. The observed biodiesel yield of 39.6% and a conversion of 
68.4% are relatively low, however, the information contained in this study serves as a 
foundation for further research which is reported in subsequent chapters.  
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CHAPTER 7:  EFFECT OF REACTION PARAMETERS ON 
THE TRANSESTERIFICATION OF ANIMAL 
FAT OIL TO BIODIESEL OVER A SOLID 
HYDROXY SODALITE (SOD) CATALYST 
 
7. 1. Introduction  
 
In this chapter, an investigation of the influence of some of reaction parameters on the 
performance of the transesterification reaction of BTO over solid H-SOD catalyst. The aim of 
this chapter was to investigate a potentially economic and environmentally attractive process 
for biodiesel production by analyzing the optimal conditions, which would yield best results 
for the method at hand. Production of biodiesel via the transesterification of beef tallow with 
methanol over a solid hydroxy sodalite (H-SOD) catalyst was investigated, particularly the 
effect of process variables on the conversion and yield of biodiesel.  The current investigation 
was laboratory based where beef tallow was tested for the content of FFA among other 
properties, to confirm the need for a heterogeneous catalyst.  
 
7. 2. Method  
 
7.2.1.  Catalyst Synthesis  
 
The H-SOD particles were prepared by the hydrothermal synthesis method as described in 
Chapter 3 of the dissertation, but for the reduction of the particle size of the catalyst, a small 
amount of ethanol was added onto the synthesis solution as an organic solvent after an hour of 
stirring. The mixing was allowed to continue for a further 1 h. The resulting mixture was 
transferred into a Teflon lined autoclave which was subjected to heat at 140 °C for 3.5 h. At 
the end of the hydrothermal reaction, the autoclave was cooled down by running tap water. The 
resulting crystals were washed using deionized water by a filtration system until the pH of the 
water reached a value of 7. The washed hydroxy sodalite crystals were then dried overnight, 
and then calcined at 200 °C prior the transesterification reaction.  
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7.2.2.  The transesterification reaction 
 
The transesterification reaction was carried out similar to the one performed in the preliminary 
investigation described in Chapter 5. The reaction was conducted at variety of reaction 
conditions with methanol-to-animal fat oil ratio 7.5:1 and catalyst weight percentage 3 wt. %; 
Mixing intensity (700 – 1250 rpm), catalyst particle size (200 – 300 Å), reaction time (6 – 24 
h) and reaction temperature (40 – 60 °C). Each process variable was varied at a time 
while others were kept constant at reaction time 24 h; reaction temperature 60 ˚C; mixing 
intensity of 1000rpm. At the completion of each reaction, the catalyst particles were recovered 
from the mixture by filtration through nylon filter paper (0.45 µm pore dimension). Separating 
funnel was used to separate the products and glycerol, where the glycerol was drained from the 
bottom of the funnel while biodiesel was collected from the top. Analysis of the samples was 
performed using a pre-calibrated Gas Chromatograph equipped with a LECO GC x GC 
Thermal Modulator (GC-MS, model: Agilent 7890N) as described in the previous chapters.  
 
7. 3. Results and discussion  
 
7.3.1. Catalyst characterization  
 
Various attempts were made to synthesize hydroxy sodalite particles with different particle size 
distributions. This was achieved by adding controlled amounts of ethanol to the synthesis 
solution prior to the hydrothermal synthesis. The use of ethanol as an organic solvent to control 
size is common in hydrothermal synthesis of zeolites (Huang et al. 2011; Li et al. 2007). The 
BET surface area, pore size and average pore volume measurements shown in Table 11 are 
important characteristics closely associated with the catalytic activity. Researchers have 
demonstrated that the extent of the catalyst reactivity depends on the external surface area 
properties (Liu et al. 2008). The surface characteristics of the H-SOD were found to be 
dependent to some extent on the washing of the synthesis solution with ethanol. The results 
show that the surface characteristics of the H-SOD particles proportionally changes with 
addition of ethanol during the synthesis. Both the BET surface area and the pore volume 
increase accordingly, while the pore size decreased with the ethanol addition. H-SOD sample 
exhibited a reduction in size thereby improving conversion and biodiesel compared to the 
ethanol free H-SOD.  Ethanol reduces the rate of the sodalite crystallization process, thereby 
allowing formation of smaller H-SOD crystals The  particle size estimation using Scherrer 
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equation show that with sufficient addition of ethanol, the particle sizes reduced from 276 Å to 
199 Å. The XRD results in Figure 12 shows that the XRD patterns for the three samples 
correlate with the simulated sodalite XRD pattern documented in the database of zeolite 
structures by the International Zeolite Association (IZA), confirming the successful formation 
of H-SOD particles. The extra peaks which are very minimal indicates the possible formation 
of other zeolite impurities, some researchers have demonstrated that the addition of ethanol as 
an organic solvent potentially affects the phase purity of the H-SOD crystals (Li et al. 2007; 
Yao et al. 2006). These results are in agreement with the work reported by Pankaj et al. (2014) 
where an investigation on the Effect of ethanol as an additive on the morphology and 
crystallinity of LTA (Linde Type A) zeolite was successfully studied. TGA results for the 
synthesized hydroxy sodalite particles shown in Figure 13 are in agreement with literature (Li 
et al. 2007; Yao et al. 2006) where mass loss was observed for all the three samples of hydroxy 
sodalite particles synthesized at different amounts of ethanol contents. Due to the loss of 
structural water during heating up to 1000oC, the mass loss of H-SOD 0E (Figure 13a), H-
SOD 10E (Figure 13b), and H-SOD 20E (Figure 13c) were 12.27%, 14.18% and 16.46% 
respectively. Compared to the pure H-SOD 0E, the additional mass loss of H-SOD 10E 
(2.53 %) and H-SOD 20E (4.19%) is attributed to the possible decomposition of organic 
functional groups occurring at higher temperatures (Li et al. 2007; Yao et al. 2006). 
 
 
Table 11: BET Surface area, pore volumes and pore sizes derived from the nitrogen 
adsorption data for the synthesized H-SOD particles. 
Sample id. 
Ethanol Added 
(ml) 
BET Surface Area 
(m²/g) 
Pore Volume 
(cm³/g) 
Pore 
Size(nm) 
a 0 0.164 0.0013 30.92 
b 10 17.623 0.0724 16.43 
c 20 23.356 0.1626 27.84 
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Figure 12: XRD patterns of (a) H-SOD Particles synthesized with no addition of ethanol as an 
organic solvent,  (b) H-SOD particles synthesized with 10ml addition of ethanol as an organic 
solvent , (c)  H-SOD particles synthesized with 20ml addition of ethanol as an organic solvent  
and the simulated sodalite pattern according to the International Zeolite Association(IZA). 
 
 
Figure 13: TGA Curves of (a) H-SOD Particles synthesized with no addition of ethanol as an 
organic solvent (b) H-SOD particles synthesized with 10ml addition of ethanol as an organic 
solvent and (c) H-SOD particles synthesized with 20ml addition of ethanol as an organic 
solvent. 
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7.3.2. Effect of reaction parameters on transesterification 
 
 
7.3.2.1.The effect of mixing intensity on the transesterification reaction  
 
Without stirring, the transesterification reaction occurs slowly at the interphase of the two 
layers of oil and alcohol due to the external mass transfer limitation, thereby making the process 
impractical (Kumar et al. 2010; Rashid et al. 2009). As shown in Figure 14, mixing plays a role 
in the heterogeneously catalyzed transesterification reaction. Lower conversion rate and 
biodiesel yield were obtained at the slowest mixing rate of 700rpm where the values obtained 
were 43% and 42%, respectively. The results show that the reaction performs better at the speed 
of 1000 rpm, where a conversion of 66% was achieved. Other researchers have achieved better 
results at a mixing intensity of 600 rpm (Rashid et al. 2009; Noureddini & Zhu 1997). However, 
other than the type of feedstock used, the results were obtained from homogeneously catalyzed 
transesterifications which have proven to be less prone to the effect of mixing intensity as 
compared to the heterogeneously catalyzed transesterification. The impact of agitation 
intensity is only observed during the initial stage of the transesterification reaction where mass 
transfer limitation is dominant over time (Bambase et al. 2007) . By increasing the stirring 
speed, the reaction rate is accelerated because of the reduction in mass transfer limitation. 
However, it was observed that too high mixing speeds are not favorable. In this study, the 
conversion reduced to 62%, attributed to the reversible nature of the transesterification reaction 
which tends to decrease the biodiesel yield over time.  
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Figure 14: The effect of mixing intensity on the yield of biodiesel. 
 
7.3.2.2.The effect of catalyst particle size on the transesterification reaction 
 
The rate of transesterification reaction is affected by the efficiency of the internal diffusion, 
which to a certain extent is controlled by the diameter of the crystalline particles. A number of 
researchers have demonstrated the dependence of transesterification reaction on the particle 
size of the catalyst used. Generally, the reaction conversion increases with an increase in 
catalyst concentration as the catalysts sites are supposedly improved. However, this tends to 
reduce the specific surface area of the catalyst. Therefore, during a study of catalyst efficiency, 
it is essential to consider methods for improving the catalyst surface areas, one of the measures 
to achieve this is by reducing the catalyst particle size (Yulianti et al. 2014). In this chapter, 
various attempts were made to synthesize H-SOD particles with different size distributions 
using ethanol organic solvent; the particle size was slightly reduced by 77 Å. As shown in 
Figure 15, without the ethanol additive during the hydrothermal synthesis, the resulting H-SOD 
(276 Å) catalyzed the transesterification to a TG conversion of 66.8%. The addition of 10 ml 
and 20 ml ethanol resulted in a reduction of H-SOD crystalline sizes and the transesterification 
reaction performance was slightly improved to a conversion of 68.4% as expected. The results 
in Figure 15 demonstrated that conversion and biodiesel yield increased to 68.4 % and 57.0%, 
respectively, owing to a reduction in H-SOD particle size. This is due to the slight reduction in 
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mass transfer limitation, thereby contributing to an increase in the rate of reaction. Mass 
transfer or diffusion occurs between the different phases; hence heterogeneously catalyzed 
reactions are more prone to mass transfer limitation than homogeneous catalytic reactions 
(Klaewkla et al. 2011). The catalytic reaction occurs when the reactants come into contact with 
the active site of the catalyst along the internal surface of the porous catalyst pellet. The 
observation made in this study on the possibility of improving reaction conversions by reducing 
catalyst crystalline size is consistent with what other researchers have found where 
nanoparticles of sizes between 22 nm -25 nm (i.e. 220 Å -250 Å) were studied (Yulianti et al. 
2014; Ngamcharussrivichai et al. 2008; Kanade et al. 2006). 
 
 
 
                     Figure 15: The effect of catalyst particle size on the conversion/ yield of biodiesel 
 
 
7.3.2.3.The effect of reaction time on the transesterification reaction 
 
As demonstrated Freedman et al. (1984), as well as Vyas et al. (2009) among other researchers, 
there exists a positive relationship between fatty acid esters conversion rate and reaction time, 
the reaction is slow in the initial stages due to the effect of phase mixing and proceeds much 
faster after some time. The period at which transesterification reaction is allowed to proceed 
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influences the behavior of the reaction as shown in Figure 16.  Both conversion and yield 
increased with increasing reaction times as the contact time between the three-phase reactants 
is extended, thereby allowing prolonged contact time. The transesterification reaction is 
reversible in nature; the observed decrease in yield over time is due to the possible loss of fatty 
acids as the reaction continues at extended reaction times (Daramola et al. 2016; Eevera et al. 
2009; Mathiyazhagan & Ganapathi 2011). Nonetheless, due to maximum conversion rate of 
78.3% after 24 h, it could be established that the suitable reaction time for beef tallow oil 
transesterification over hydroxy sodalite under the conditions in the study is 24 h. This is in 
agreement with the study conducted by Bhatti et al.(2008) where a study was conducted on the 
conversion of chicken and mutton tallow using a homogeneous sulfuric acid catalyst. 
 
 
 
                    Figure 16: The effect of reaction time on the conversion/ yield of biodiesel. 
 
7.3.2.4.The effect of reaction temperature on the transesterification reaction 
 
The effect of reaction temperature on biodiesel yield is illustrated in Figure 17.  It can be seen 
the reaction temperature essentially influence the performance of the transesterification 
reaction. Both the yield of biodiesel and conversion rate increases with an increase in reaction 
temperature, and maximum performance was obtained at a temperature of 60°C, where the 
values of conversion and yield are 78.3% and 62.9% respectively. Higher temperature 
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conditions favor the transesterification reaction due to its endothermic behavior (Daramola et 
al. 2016; Farooq et al. 2016), attributed by the reactant molecule collisions which are 
accelerated at higher temperatures, thereby facilitating miscibility among the three phased 
reaction (solid catalyst-oil-alcohol) as well as the mass transfer (Farooq et al. 2016). Other 
researchers have achieved conversion rates above 90% (Liu et al; 2011; da Cunha et al. 2009), 
however, the transesterification reaction was homogeneously catalyzed using potassium 
hydroxide and sodium hydroxide solutions respectively.  Homogeneously catalyzed 
transesterification reactions tend to require an additional process stages such as esterification 
reaction to reduce FFA content, as well as a step for product separation, thereby affecting the 
economic efficiency of the biodiesel production process. 
 
 
                    Figure 17: The effect of reaction temperature on the conversion/ yield of biodiesel. 
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7. 4. Summary 
 
This chapter has successfully demonstrated the influence of reaction parameters on the rate of 
methanolysis of beef tallow oil over a solid hydroxy sodalite catalyst. Most of the reaction 
parameters found as optimum for the transesterification of BTO in the presence of H-SOD 
were consistent with literature. Table 12 shows a summary of comparison of the results 
obtained in this study with results obtained in open literature. There is a room for improvement 
in the reaction process considering other factors such as the effect of catalyst concentration and 
methanol to oil ratio.  
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CHAPTER 8:  KINETICS STUDY OF SOLID HYDROXY 
SODALITE CATALYST FOR THE BEEF 
TALLOW TRANSESTERIFICATION IN A 
BATCH BIODIESEL PRODUCTION PROCESS  
 
8. 1. Introduction 
 
Following the study of the effect of reaction parameters on the transesterification reaction in 
this study, a further investigation was conducted to quantify the effects of reaction temperature 
and time by correlation of the data obtained from the experiments. Presented in this chapter is 
a detailed study conducted on the kinetics of H-SOD during the transesterification of beef 
tallow oil to biodiesel in a batch reactor process. This chapter particularly focused on the 
determination of the amount of energy required to for the reaction to occur; Activation Energy 
(EA) and the rate at which transesterification reaction proceeds.  Reaction kinetic studies for 
the process at hand are essential for predictive analysis of the behavior of solid H-SOD catalyst 
during reactor design, in terms of the scale up process for practical biodiesel process 
applications. Furthermore, the work conducted in study provides parameters that can be used 
to estimate the extent of a reaction at any time during the transesterification reaction under 
certain process variables (Shah et al. 2014). A number of researchers have reported on the 
kinetics of transesterification reaction. 
 
8. 2. Determination of kinetic parameters 
 
Transesterification reaction involves the catalytic reaction of triglyceride with an alcohol 
molecule to form an ester; glycerol also makes up a part of the reaction product during this 
process. Vegetable oils and animal fats are commonly used as a source of triglyceride in the 
transesterification process. During biodiesel production, a reversible reaction of three moles of 
alcohol; methanol (MeOH) with one mole of triglyceride (TG) occurs where one mole of 
glycerol (GL) and three moles of Fatty Acid Methyl Ester(FAME) are produced as shown by 
the overall reaction Equation 8.  The mechanism in which transesterification proceeds involves 
stepwise reactions where TG is initially converted to diglyceride (DG), followed by a 
monoglyceride (MG) and finally the glycerol (GL) as shown in Equation 9 (a-c) where k 
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represents the reaction rate constant. The stoichiometry of the transesterification reaction 
requires that alcohol is in excess to provide a shift in the reaction equilibrium to the product 
side, thereby facilitating a forward reaction according to Le Chatelier's principle (Baroutian et 
al. 2010; Soetaredjo et al. 2011).  Over the years, many researchers have demonstrated that for 
transesterification reactions, kinetics for forward reaction is much more dominant than the 
kinetics of the reverse reactions (Leevijit et al. 2004). Consequently, the kinetics for a forward 
transesterification reaction is presented in this chapter. The method used for determination of 
reaction kinetics was adapted from the work reported by Olutoye & Hameed (2016). 
 
Overall transesterification reaction: 
 
𝑇𝐺 +  3 𝑀𝑒𝑂𝐻 ↔  3 𝐹𝐴𝑀𝐸 + 𝐺𝐿                                                                   (7 ) 
 
Stepwise reactions: 
 
𝑇𝐺 +  𝑀𝑒𝑂𝐻
𝑘1
↔
𝑘−1
𝐷𝐺 + 𝐹𝐴𝑀𝐸                                                                                          (8 𝑎)              
 
𝐷𝐺 +  𝑀𝑒𝑂𝐻
𝑘2
↔
𝑘−2
𝑀𝐺 + 𝐹𝐴𝑀𝐸                                                                                        (8 𝑏)                
 
𝑀𝐺 +  𝑀𝑒𝑂𝐻
𝑘3
↔
𝑘−3
𝐺𝐿 + 𝐹𝐴𝑀𝐸                                                                                      (8 𝑐)              
 
Where k1, k2, k3 are the reaction rate constants for the forward reaction, and k-1, k-2, k-3 are the 
reaction rate constants for the reverse reaction. 
 
 
 
 
Although the transesterification reaction rate is affected by multiple stepwise reactions, for the 
purpose of this study, a first order transesterification reaction was assumed thereby using the 
overall transesterification Equation 8 as a basis to determine the reaction kinetics.  Furthermore, 
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it was assumed that there is no formation of products (i.e. FAME and Glycerol) at the beginning 
of transesterification - CFAME = 0 and CGL = 0. The reaction rate can therefore be written as:  
 
−𝑟𝑇𝐺 = 𝑘𝑚𝑎𝐶𝑇𝐺𝐶𝑀𝑒𝑂𝐻 =  𝑘𝐶𝑇𝐺𝐶𝑀𝑒𝑂𝐻                                                                                    (9) 
 
Where km is the mass transfer coefficient, and a is the surface area of the catalyst, and k is the 
product of a and km which is the reaction rate constant.  
 
The change in concentration of MeOH can be assumed to be constant if it is present in excess 
during the transesterification reaction. The effect of MeOH concentration on the reaction order 
is therefore minimal (Birla et al. 2012; Olutoye & Hameed, 2016). TG tends to run out fast 
during the reaction, it becomes the limiting reactant, and therefore the rate determining species. 
In the absence of mass transfer resistance, both internal and external, the reaction rate can 
therefore be expressed as the rate at which concentration of triglycerides changes across the 
theoretical film layer between the solid H-SOD catalyst surface and the bulk reactants as 
follows:  
 
−
𝑑𝐶𝑇𝐺
𝑑𝑡
= 𝑘[𝐶𝑇𝐺,𝑏 − 𝐶𝑇𝐺,𝑠]                                                                                                  (10) 
 
Where CTG,b and CTG,s  are the triglyceride concentrations in the bulk phase and on the  catalyst 
surface respectively.  
 
During the mechanism of the transesterification reaction over the catalyst, when the rate of 
transport of reactants from the bulk phase is slower than the rate of the surface reaction on the 
solid H-SOD catalyst, the rate of transport of the reactants becomes the overall rate determining 
step (RDS) and as a result CTG, s = 0. The intrinsic kinetics of the transesterification reaction of 
beef tallow oil to biodiesel was consequently derived as follows:  
 
−
𝑑𝐶𝑇𝐺
𝑑𝑡
= 𝑘𝐶𝑇𝐺,𝑏                                                                                                                         (11) 
 
Integrating the Equation 11 gives: 
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ln [
𝐶𝑇𝐺,𝑂
𝐶𝑇𝐺
] = 𝑘𝑡                                                                                                                          (11 𝑎)   
 
Or 
 
− ln(1 − 𝑋𝑇𝐺)𝑘𝑡                                                                                                               (11 𝑏) 
 
Where CTG,0 is the initial concentration of triglycerides and XTG is the conversion of 
triglycerides.  
 
The reaction rate constant is independent of the concentrations of species involved in the 
reaction; it depends on temperature and the presence of the catalyst. In liquid systems, k can 
also be a function of other parameters such as ionic strength and choice of solvent; however, 
the effect of these parameters is small compared to that of temperature. Reaction rate constants 
obtained at different temperatures were used to determine the activation energy and the pre 
exponential factor using linearization of Arrhenius equation as follows:   
 
𝑘 = 𝐴𝑒(
−𝐸𝐴
𝑅𝑇 )                                                                                                                          (13 𝑎) 
 
ln 𝑘 =
1
𝑇
(
−𝐸𝐴
𝑅
) + ln 𝐴                                                                                                        (13 𝑏) 
 
Where Ea is activation energy (J/mol), R is the gas constant with a value of 8.31 JK
-1mol-1 and 
A is the pre exponential factor or frequency factor. The plot of (-ln k) versus the inverse of 
reaction temperature (1/T) was plotted, with a slope Ea/R from where Ea was calculated and A 
was given by the constant of the resulting linear equation.  
 
8. 3. Results and discussion 
 
Batch transesterification experiments were carried out to investigate the kinetics of the catalytic 
reaction at various reaction temperatures. Other reaction parameters such as mixing intensity 
and H-SOD particle size were kept constant. Figure 18 illustrates the rate of consumption of 
beef tallow oil as the transesterification reaction proceeds, the concentration of triglyceride 
decreases with an increase with reaction time. This is because triglyceride molecules are 
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gradually converted in to products, mainly fatty acid methyl esters. Figure 19 shows the 
graphical form of the PFO kinetic model used in the study to estimate the overall reaction rate 
constants at various temperatures. The estimated values of reaction constants, activation energy 
and pre-exponential factor are given in Table 13. The Arrhenius plot from which activation 
energy and pre-exponential plots were determined is shown in Figure 20. The value of pre-
exponential factor gives details about frequency of reactant molecule collisions and their 
orientation, it was estimated at 5.52 x108 min-1 which is in the same range as values obtained 
by other researchers varying between 1.26 x109 min-1 and 2.98 x1010 min-1 (Birla et al. 2012; 
Zhang et al. 2010; Zubir & Chin 2010). The obtained value of activation energy, 74.23 kJ /mol 
is roughly in agreement with values reported by other researchers; Zhang et al. (2010) achieved 
activation energies around 79.20 kJ/mol during a successful Pseudo First Order kinetic model 
which was proposed for the transesterification of palm oil using dimethyl carbonate into 
biodiesel over a heterogeneous KOH catalysis.   
 
Similar levels of activation energies were observed in the work done by Birla et al. (2012) 
during a heterogeneously catalyzed transesterification of waste frying oil using a snail shell 
derived catalyst. Jaya & Ethirajulu (2011) obtained even better results in their PFO kinetic 
study to demonstrate the efficiency of using cation exchange resins as catalyst for lowering 
activation energies to about 22 kJ/mol (Jaya & Ethirajulu 2011). Although up to 80% FAME 
content was achieved at around 65 °C reaction temperatures, the downside of their study is 
identified in the use of edible cotton seed oil, as it does not favor the economic aspect of the 
process. The use of edible oils results in potential competition between food market and fuel 
industries thereby triggering hikes in both fuel and food prices. During a study on the 
conversion of refined sunflower oil to biodiesel over a solid calcium oxide (CaO) catalyst, 
Vujicic et al. (2010) achieved a PFO reaction where separate kinetic and diffusion regime were 
considered.  The reaction proceeded at relatively high activation energies for the kinetic regime, 
161 kJ/mol to achieve a product of 91% biodiesel content in less than 5.5 h.  
 
Moreover, other reaction conditions were slightly intense, the reaction temperatures 
investigated were between 60 °C and 120 °C, pressures under which the reaction was carried 
out were kept between 1 bar and 15 bar. Additionally, temperature required for the catalyst 
activation was 900°C. Similar results were recently reported by Olutoye & Hameed (2016) 
during a kinetic study of a methanolysis of Jatropha oil over a dual-site heterogeneous oxide 
catalyst where PFO kinetic reaction methodology was applied. Generally, heterogeneously 
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transesterification reactions proceed much slower than homogeneously catalyzed reactions; 
this is because of the three phase reaction system which exposes the process to factors such as 
mass transfer limitation (Jaya & Ethirajulu 2011). 
 
During early development of studies in biodiesel production process, relatively high values of 
reaction rate constants around 0.215 min-1 – 0.242 min-1 for the homogeneously catalyzed 
transesterification reaction for feedstock with either fairly low FFA content after a pre-
esterification step have been reported (Noureddini & Zhu 1997; Freedman et al. 1984). 
Reaction rates reported in the present study are however relatively low as shown in Table 13. 
The reaction constant for the reactions with maximum conversion was obtained at 0.0011 min-
1 when reaction temperature was kept at 60 °C. Similar reaction rate constants in the range 
0.0026 min-1 - 0.0083 min-1 were observed by Vujicic et al.(2010), although the 
transesterification in this study was conducted over shorter reaction times, the sunflower oil 
used as feedstock has negative impact on the biodiesel production costs as explained earlier.  
 
Table 13: Reaction kinetics for transesterification of beef tallow oil over solid H-SOD 
catalyst. 
Ea (kJ/mol) 74.23 
A (Lmol-1 min-1) 5.52 x108 
Temperature (°C) k (min-1) 
40 0.0002 
50 0.0007 
60 0.0011 
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                          Figure 18: Concentration profile of Triglyceride molecules over a period of time. 
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Figure 19: Plots of ln (1- XTG) versus reaction time for PFO kinetic model at different 
temperatures (40°C -  60°C), for the  transesterification of beef tallow oil into 
biodiesel over a solid H-SOD catalyst. 
 
 
 
Figure 20: Arrhenius plot of ln(k) versus the inverse of temperature (1/T) used to 
estimate Ea and pre- exponential factor A.  
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8. 4. Summary 
 
Kinetic results reported in this chapter demonstrated the efficiency of using H-SOD catalyst 
for transesterification of BTO to biodiesel. The kinetic model used for this study is simplified 
by the assumptions detailed during the model development steps. The values of activation 
energy, reaction constants and frequency factor obtained at 0.0011 min-1, 5.52 x108 min-1 and 
79.20 kJ/mol respectively, fell within the range of the results reported in literature as shown in 
Table 14.  Solid H-SOD is therefore proposed as an ideal catalyst for efficient batch 
transesterification of high FFA content BTO. In a case where little or no assumptions are 
specified, robust kinetic parameter estimation models such as nonlinear least-squares fitting 
techniques will be required for a more accurate estimation of kinetic parameters ( Marasović 
et al. 2017).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
 
 
 
 
 
 
 
 
65 
 
 
 
 
 
 
CHAPTER 9:  CONCLUSIONS AND RECOMMENDATIONS  
 
9. 1. Conclusions  
 
In this dissertation, H-SOD, a type of zeolite material is proposed as a catalytic material for 
transesterification reaction of WCO or BTO to biodiesel. The H-SOD catalyst particles were 
synthesized in-house using the classic hydrothermal synthesis method. The results from the 
SEM images have confirmed the successful synthesis of H-SOD catalyst, which composed of 
a mixture of particles with different shapes, including nanorod-like shapes and cubic shapes; 
these results are in agreement with literature where researchers observed similar shapes. XRD 
results further confirmed the formation of H-SOD particles by demonstrating that the pattern 
for the synthesized particles correlates with the patterns for the simulated sodalite as proposed 
by the International Zeolite Association. An attempt to reduce catalyst particles size was 
successfully carried out by adding small amounts of ethanol as an organic additive to the 
hydrothermal synthesis solution.   
 
Along with the XRD results, the use of  Scherrer equation demonstrated a reduction in particle 
size with the addition of small amounts of ethanol. A slight reduction in crystallite sizes from 
an average of 276 Å to 199 Å was achieved. Although some researchers have reported on the 
effect of ethanol additive on the phase purity, there were no extra peaks observed on the XRD 
patterns which would possibly indicate traces of zeolite impurities. It can therefore be 
suggested that the effect of ethanol on the purity of the synthesized H-SOD particles is 
insignificant; besides, the information provided by the FTIR spectrum confirmed the synthesis 
of pure H-SOD particles which is consistent with literature. In retrospect, specific objectives 
of the study included a preliminary study on the feasibility of using the solid H-SOD particles 
to catalyze transesterification process in a batch reactor. Subsequently, an attempt to use this 
material as a catalyst for the transesterification of BTO was successfully made. Furthermore, a 
more effective way of producing biodiesel was sought for, by investigation the influence of 
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process variables such as reaction temperature, reaction time, mixing intensity and catalyst 
particle size on the transesterification reaction of BTO to FAME.  
The results obtained during the preliminary studies have demonstrated the feasibility of using 
the H-SOD particles to catalyze the transesterification WCO to biodiesel, where components 
of FAME were identified using a pre-calibrated GC-MS as described in Chapter 5. The reaction 
was conducted at 60 ᵒC for 12 h at a methanol-to- oil ratio of 7.5:1 using 3 wt. % hydroxy 
sodalite catalyst with a particle size of just below 300 Å. The stirring intensity was kept at 1000 
rpm to ensure uniform mixing throughout the reaction. Under the same conditions, the 
investigation of the use of beef tallow which contained even higher FFA content than waste 
cooking oil was conducted and the results have shown that FAME was produced, at a yield of 
39.6% and a conversion of 68.4%. The results from the investigation on the influence of some 
of reaction parameters on the performance of the transesterification reaction of BTO, have 
shown that maximum performance of H-SOD catalyst for a transesterification reaction which 
resulted in the highest conversion of BTO, 78.3% and 62.9% obtained at optimum conditions:  
a stirrer speed of 1000 rpm, with the smallest catalyst particle size of 200 Å at maximum 
temperature of 60 °C and the longest reaction time of 24 h.  
 
A kinetic study was conducted to evaluate the efficiency of the H-SOD to catalyze the 
transesterification process under the determined optimal conditions. During the kinetic study 
of the H-SOD catalyst within the given conditions, the values of activation energy, reaction 
constants and frequency factor obtained at 0.0011 min-1, 5.52 x108 min-1 and 79.20 kJ/mol 
respectively, fell within the range of the results reported in literature and even better. Solid H-
SOD is therefore proposed as an ideal catalyst for a batch transesterification of high FFA 
content BTO. Among other catalysts, H-SOD material is an inexpensive material with the 
ability to withstand vigorous conditions without significant loss of activity Teimouri et al. 
(2015). 
 
9. 2. Recommendations 
 
 This study has demonstrated the possibility of using H-SOD catalyst for the 
transesterification of BTO to biodiesel; and it has shown the extent at which the type of 
feedstock can have an impact on the biodiesel quality; further studies may focus on the 
use of other feedstock with lower FFA content. 
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 Comparative study between the produced biodiesel and standard biodiesel was not 
detailed in the work presented in this dissertation, future work may conduct an in-depth 
comparative analysis on the physico-chemical properties between the standard 
biodiesel 
 This study presents a biodiesel production method with a potential economic advantage, 
however, a detailed process cost evaluation was not carried out, future work may look 
into the quantitative costs of production for the scale up commercial production process 
 To improve the quality of the results, experiments may be repeated a number of times 
at different scales of operation, this will help provide insights regarding scale up issues 
such as changes in reaction performance due to mass transfer variation across the phases 
of the reactants.  
 This study provides kinetic studies on a very basic level; further studies may look into 
sophisticated chemical equations and process modelling on a higher realistic level, 
perhaps considering details for each stepwise transesterification reactions with minimal 
assumptions used for simplifying the model solution. 
 This study has successfully demonstrated the effect of some reaction parameters on 
performance of the transesterification reaction, not all parameters are covered, such as 
the influence of alcohol to oil ratio and catalyst concentration. Future work may also 
look into these parameters. 
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APPENDIX A: Experimental  
 
Below is a picture of the transesterification products. The top layer is the biodiesel produced 
from BTO and the bottom part comprises a mixture of unreacted fat and glycerol.  
 
 
Figure 21: The separation funnel containing the layers of biodiesel and glycerol products from the transesterification   
reaction. 
Figure A1: The separation funnel containing the layers of biodiesel and glycerol products from the 
transesterification   reaction. 
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Waste to Energy: Effect of reaction parameters on the 
transesterification of animal fat oil to biodiesel over a 
solid hydroxy sodalite (SOD) catalyst   
Abstract: In this study, production of biodiesel via the transesterification of 
beef tallow oil with methanol over a solid hydroxy sodalite (SOD) catalyst was 
investigated, particularly the effect of process variables on the yield of 
biodiesel.  The current investigation was laboratory based where beef tallow oil 
was tested for the content of Free Fatty Acid (FFA) to confirm the need for a 
heterogeneous catalyst. SOD crystals were synthesized via a hydrothermal 
synthesis method for use as basic solid catalyst to convert beef tallow oil into 
biodiesel. Transesterification reaction was conducted at methanol-to-animal fat 
oil ratio of 7.5:1 using 3 wt. % SOD catalyst with variations in the mixing 
intensity (700 – 1250 rpm), catalyst particle size (200 – 300 Å), reaction time 
(6 – 24 h) and reaction temperature (40 – 60 °C). Each process variable was 
varied at a time while others were kept constant. The FFA content was 
sufficiently high, determined to be 4.53 % justifying the need for solid 
catalysed transesterification reaction. The physicochemical characterization of 
the SOD catalyst was conducted using Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), N2 physisorption at 77 K (for textural 
property) and thermogravimetric analysis (for thermal stability). Results of 
characterization reveal that SOD crystals were synthesized. The reaction 
products analysed with a pre-calibrated Gas Chromatography-Mass 
spectrometer (GC-MS) confirmed the influence of reaction process parameters 
on the yield of biodiesel leading to a highest FAME (fatty acid methyl ester) 
yield of 78.3% at an agitation speed of 1000 rpm with a catalyst particle size of 
200Å. The reaction temperature and reaction time to achieve the highest 
biodiesel yield were 60oC and 24 h, respectively. 
Keywords: Biodiesel; Animal fat, Hydroxy sodalite, Waste beneficiation, 
Solid catalyst 
Reference to this paper should be made as follows: Author. (xxxx) ‘Title’, Int. 
J. xxxxxxxxxxx xxxxxxxxxxx,  
Biographical notes: This paper is a revised and expanded version of a paper 
entitled [Waste to Energy: Effect of reaction parameters on the 
transesterification of animal fat oil to biodiesel over a solid hydroxy sodalite 
(SOD) catalyst] presented at [the 2nd International Conference of Engineering 
for a Sustainable World ICESW 2017 July 3-7, 2017, Ota, Nigeria].  
 
 
 
1 Introduction 
Fossil fuels (oil, coal, natural gas) are the major source of energy accounting for 
about 86% global energy consumption (Nicole, 1994) that drives the worldwide 
technological advancement. Consequent to heavy consumption of fossil fuels, the 
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world is faced with detrimental challenges such as future energy security and 
environmental concerns (Gupta & Tuohy, 2013; Milano et al., 2016). 
Combustion of fossil fuels results in emission of greenhouse gases such as CO2 
and SO2 thereby contributing to global warming and acid rain crises. These 
concerns drive the need for exploration of alternative energy source to reduce 
dependency on fossil fuels. One possible solution is the extended exploitation of 
biodiesel as an alternative fuel. Biodiesel has a higher flash point than petrol 
diesel and lower volatile compounds. It is easy to use and is a clean burning and 
safer for handling compared to petrol diesel. Chemically known as Fatty Acid 
Methyl Ester (FAME), biodiesel is a biodegradable, non-toxic and 
environmentally benign diesel fuel and its study as an alternative fuel to reduce 
dependency on fossil fuels has become an attractive area of research(Makgaba & 
Daramola, 2015; Ramadhas, Jayaraj, & Muraleedharan, 2005) (Zhang, Dube, 
McLean, & Kates, 2003). It is a viable alternative fuel as it meets the strict fuel 
quality and engine performance and satisfied the environmental impact 
assessment requirements by the 1990 Clean Air Act Amendments in terms of the 
reduction of environmental pollution(Guo, Wei, Xiu, & Fang, 2012). 
Furthermore, biodiesel can be mixed at any proportion with diesel; hence it can 
be applied in diesel engines without much additional modification. Biodiesel is 
commonly produced from vegetable oils or animal fat using transesterification 
reaction. The reaction involves the use of short chain alcohol, usually methanol, 
as well as a catalytic material. The cost of biodiesel remains high compared to 
petroleum diesel, due to huge operating and capital costs required for its 
production process.  
 
Competitive source of feedstocks such as edible oils and fats that bring about 
high cost of production have spawn interest of researchers into alternative 
feedstock for an economically viable route to biodiesel production. These include 
non-edible Jatropha oil, animal fat and waste cooking oil (Aransiola et al., 2012; 
Aransiola, Daramola, Ojumu, Solomon, & Layokun, 2013; M. O. Daramola, 
Nkazi, & Mtshali, 2015; Islam, Taufiq-Yap, Chu, Chan, & Ravindra, 2013). 
Non-edible oils usually contain high content of Free Fatty acids which tends to 
be unfavourable for transesterification reaction, more especially when 
homogeneous base catalysts are used. Saponification reaction occurs in 
conjunction with the transesterification reaction thereby reducing the yield of 
biodiesel. Furthermore, an additional process unit for product separation is 
required to recover the resulting biodiesel from the mixture with the 
catalyst(Canakci & Sanli, 2008; Marchetti, Miguel, & Errazu, 2007). The use of 
heterogeneous catalysts tends to override the saponification reaction, reduces the 
need for an esterification reaction used as oil pre-treatment step to reduce content 
of the free fatty acids(Jagadale & Jugulkar, 2012) and potentially eliminates the 
need for high investments in the additional product separation step.  
The process of transesterification reaction is influenced by process variables such 
as reaction temperature, reaction time and catalytic properties amongst others 
(Alptekin, Canakci, & Sanli, 2014; Atadashi, Aroua, Aziz, & Sulaiman, 2012; 
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Kim et al., 2004). This work explored the influence of some reaction parameters 
on the performance of the transesterification reaction of waste beef tallow over 
solid hydroxy sodalite catalyst. The aim of this study was to obtain a more 
economic and environmentally attractive process for biodiesel production using 
cheap non-edible animal fat (beef tallow). 
2 Experimental  
 
2.1. Catalyst synthesis 
The hydroxy sodalite particles were prepared by hydrothermal synthesis method, 
similar to the one described in our previous study(Jagadale & Jugulkar, 2012). 
The synthesis solution was prepared from a mixture of anhydrous sodium 
metasilicate (Na2SiO3), sodium hydroxide (NaOH), anhydrous sodium aluminate 
(NaAlO2) and in-house de-ionized water. The mixture was stirred in a 45ml 
polypropylene bottle for an hour. An addition of small amount of ethanol as an 
organic solvent was done an hour later, and the mixing was allowed to continue 
for a further 1 h, for the purpose of reducing the morphology and particle size 
distribution of the synthesized crystals. The resulting mixture was transferred 
into a Teflon lined autoclave which was subjected to heat at 140 °C for 3.5 h. At 
the end of the hydrothermal reaction, the autoclave was cooled down by running 
tap water. The resulting crystals were washed using deionized water by a 
filtration system until the pH of the water reached a value of 7. The washed 
hydroxy sodalite crystals were then dried overnight, and then calcined at 200 °C 
prior to the transesterification reaction. 
 
2.2. Catalyst synthesis 
For the surface chemistry of the hydroxy sodalite particles, Fourier transform 
infrared spectroscopy (FTIR) was used to characterize the chemical functional 
groups of the catalyst, with a wave number range from 400 to 4000 cm-1. In order 
to carry out the scanning electron microscope (SEM) analysis, the hydroxy 
sodalite catalyst was initially coated with ultrathin gold/palladium alloy due to its 
non-conductive nature. The determination of surface topology and morphology 
of the catalyst was determined by SEM, performed on a Carl Zeiss, operating at 
an accelerated voltage of 5.00 kV. Pore size, pore volume and surface area 
measurements were obtained on a Micrometrics Tri-Star 3000 surface area and 
porosity analyzer via Nitrogen physisorption at 77 K. Thermogravimetric 
analysis (TGA) was carried out to help understand the thermal stability of the 
hydroxy sodalite particles. To measure the crystallinity of the catalyst, X-ray 
diffraction (XRD) analysis was carried out using the Rigaku’s Ultima IV X-ray 
diffractometer operating with CuKα radiation (λ = 1.5406 Å), and equipped with 
a graphite monochromator in the diffracted beam.  Scherrer equation (Equation 
1) was used for the calculation of the size of the SOD crystals. 
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Where D is the average particle size (Å), K is the dimensionless shape factor also 
known as Scherrer constant, λ is the X-ray wavelength (Å), β is the FWHM i.e.  
Line broadening at half the maximum intensity (radians), θ is the Bragg angle 
(degrees). 
 
2.3. Transesterification reaction 
The transesterification reaction was carried out similar to the one performed in 
our previous study (Adewale, Dumont, & Ngadi, 2015; Marchetti et al., 2007) in 
batch reactor set-up, using a 250 ml round bottom flask equipped with a reflux 
condenser to prevent loss of methanol due to evaporation. The flask charged with 
relevant amount of animal fat oil, methanol and hydroxy sodalite particles was 
immersed in a thermostat-controlled oil bath. The reaction was conducted at 
varied reaction conditions with methanol-to-animal fat oil ratio 7.5:1 and catalyst 
weight percentage 3 wt. %; Mixing intensity (700 – 1250 rpm), catalyst particle 
size (200 – 300 Å), reaction time (6 – 24 h) and reaction temperature (40 – 60 
°C). Each process variable was varied at a time while others were kept constant 
at reaction time 24h; reaction temperature 60 ˚C; mixing intensity of 1000rpm. 
At the completion of each reaction, the catalyst particles were recovered from the 
mixture by filtration through nylon filter paper (0.45 µm pore dimension). 
Separating funnel was used to separate the products and glycerol, where the 
glycerol was drained from the bottom of the funnel while biodiesel was collected 
from the top. Analysis of the samples was performed using a pre-calibrated Gas 
Chromatograph equipped with a LECO GC x GC Thermal Modulator (GC-MS, 
model: Agilent 7890N). 
 
3 Results and discussion  
 
3.1. Characterization of beef tallow oil 
Compared to vegetable oils which are generally rich in unsaturated fatty acids, 
animal fats are rich in saturated fatty acids (Huang et al., 2011). Acid profile for 
the tallow used in this experiment is shown in Table 1; it shows that the BTO is 
rich in saturated palmitic acid. This is in agreement with results reported in 
literature where it was demonstrated that about 50% of the total fatty acids in 
BTOs are saturated. The studies specifically demonstrated the high contents of 
palmitic and stearic acids hence BTOs are high in viscosity and melting 
points(Banković-Ilić, Stojković, Stamenković, Veljkovic, & Hung, 2014; Kim et 
al., 2004) (Talswar, 2016). This explains why they are solid at room temperature 
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and therefore the need for heating prior the transesterification reaction. 
Furthermore, as expected, the sample constitutes little or no fatty acids of 10 
carbon atoms or less (Huang et al., 2011). 
Other properties of the beef tallow such as saponification value, iodine value 
and the acid value were evaluated and are shown in Table 2. Many researchers in 
literature have demonstrated that base-catalysed transesterification requires that 
oil samples should have FFA content less than 1%, to minimize the occurrence of 
hydrolysis and saponification reactions (Adewale et al., 2015; Li et al., 2007; 
Yulianti et al., 2014). In this study, the FFA contents beef tallow oil was 
determined at 4.53% (correspondingly acid value of 9.01 mg KOH/g). Compared 
to literature, the value obtained from the FFA content of the oil used in this study 
was relatively high. This may be attributed to the age and storage of the fat as it 
stored in the laboratories for a long time. As demonstrated in the study   
conducted(Yulianti et al., 2014), the longer storage times of the oils correspond 
to increased level of FFA content. The high amount of FFA found in the beef 
tallow oil justified the need to use a basic solid catalyst during transesterification 
reaction. Unlike homogeneous catalysts, heterogeneous catalysts are less 
sensitive to FFA; as a result, the likelihood of soap formation side reaction which 
reduces the biodiesel yield is minimized. 
 
3.2 Catalyst characterization 
Various attempts were made to synthesize hydroxy sodalite particles with 
different morphologies and size distributions. This was achieved by adding 
controlled amounts of ethanol to the synthesis solution prior hydrothermal 
synthesis. The use of ethanol as an organic solvent is common in hydrothermal 
synthesis of zeolites(Liu, Piao, Wang, Zhu, & He, 2008; O’Keeffe, Peskov, 
Ramsden, & Yaghi, 2008). The BET surface area, pore size and average pore 
volume measurements shown in Table 3 are important characteristics closely 
associated with the catalytic activity. The extent of the catalyst reactivity depends 
on the external surface area properties(Yao, Zhang, & Wang, 2008). The results 
show that the surface characteristics of the SOD particles proportionally changes 
with addition of ethanol to the synthesis solution. Both the BET surface area and 
the pore volume increased accordingly, however, there is a discrepancy observed 
in sample b, where addition of 10 ml ethanol was made to the hydrothermal 
synthesis solution. The pore volume was expected to be higher than the one 
observed in sample c, the observed decrease may be attributed to possible 
contamination prior the BET analysis, nonetheless, this SOD sample exhibited a 
reduction in size thereby improving conversion and biodiesel compared to the 
ethanol free SOD.  Ethanol reduces the rate of the sodalite crystallization process, 
thereby allowing formation of SOD crystals in smaller sizes.  The Scherrer 
estimation of the SOD particle size show that with sufficient addition of ethanol, 
the particle sizes reduced from 276 Å to 199 Å. The XRD results in Figure 1 
show that the XRD patterns for the synthesized SOD samples correlate with the 
simulated sodalite XRD pattern obtained from the database of zeolite structures 
by the International Zeolite Association(IZA)(Sharma, Yeo, Yu, Han, & Cho, 
2014), confirming the successful formation of SOD particles. The extra peaks 
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which are very minimal indicates the possible formation of other zeolite 
impurities, some researchers have demonstrated that the addition of ethanol as an 
organic solvent potentially affects the phase purity of the SOD crystals (Liu et 
al., 2008; Yao, Wang, Ratinac, & Ringer, 2006). These results are in agreement 
with the work done by (Kumar et al., 2010) where an investigation on the effect 
of ethanol as an additive on the morphology and crystallinity of LTA (Linde 
Type A) zeolite was successfully studied. 
 
Table 1 Fatty Acid Composition of BTO. 
System name Common name  Lipid number Weight % 
Decanoic acid Capric acid C10:0 0.92 
Undecanoic acid Undecylic acid C11:0 0.01 
Tridecanoic acid Tridecylic acid C13:0 9.42 
Hexadecanoic acid Palmitic acid  C16:0 83.88 
Oleic acid Oleic acid C18:1 0.17 
Docosenoic acid Behenic acid C22:1 1.89 
Other Other   3.71 
 
 
 
 
 
 
 
Table 2 Physico-chemical characteristics of BTO 
Properties                  Units Present study Literature  
[38,49] 
Saponification value  mg KOH/g 196.3 
       -  
193 – 202 
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Iodine value  gI2/100 g  48.2 
    45.3 
35   - 48 
Acid value  mg KOH/g  9.01 
    2.13 
      - 
 
 
Table 3 Textural property of the SOD catalyst from N2 physisorption at 77 K  
Sample id. 
Ethanol Added 
(ml) 
BET Surface Area 
(m²/g) Pore Volume (cm³/g) 
Pore 
Size(nm) 
a 0 0.1643 0.0013 30.9192 
b 10 17.6237 0.0724 16.4336 
c 20 23.3560 0.1626 27.8443 
 
 
 
Fig. 1 XRD patterns of (a) SOD particles synthesized with no addition of ethanol 
as an organic solvent, (b) SOD particles synthesized with addition of 10 ml 
ethanol as an organic solvent, (c) SOD particles synthesized with addition of 20 
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ml ethanol as an organic solvent; and the simulated sodalite pattern according to 
the International Zeolite Association database (IZA).  
 
 
 
Fig. 2 TGA curves of (a) SOD Particles synthesized with no addition of ethanol 
as an organic solvent, (b) SOD particles synthesized with addition of 10 ml 
ethanol as an organic solvent; and (c) SOD particles synthesized with addition of 
20 ml ethanol as an organic solvent. 
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3.3. Effect of mixing intensity 
Without stirring, the transesterification reaction occurs slowly at the interphase of 
the two layers of oil and alcohol due to the external mass transfer limitation, 
thereby making the process impractical (Bambase, Nakamura, Tanaka, & 
Matsumura, 2007; Noureddini & Zhu, 1997). As shown in Figure 3, mixing plays 
a role in the heterogeneously catalyzed transesterification reaction. Lower 
conversion rate and biodiesel yield were obtained at the slowest mixing rate of 
700 rpm where the values obtained were 43% and 42% respectively. The results 
show that the reaction performs better at the speed of 1000 rpm, where a 
conversion of 66% was achieved. Other researchers have achieved better results 
at a mixing intensity of 600 rpm (Bambase et al., 2007; Freedman, Pryde, & 
Mounts, 1984) however, other than the type of feedstock used; the results were 
obtained from homogeneously catalyzed transesterifications which have proven 
to be less prone to the effect of mixing intensity as compared to the 
heterogeneously catalyzed transesterification. The impact of agitation intensity is 
only observed during the initial stage of the transesterification reaction where 
mass transfer is dominant over time(Vyas, Subrahmanyam, & Patel, 2009). By 
increasing the stirring speed, the reaction rate is accelerated because of mass 
transfer enhancement, however, it is observed that too high speeds are not 
favorable, in this study, the conversion reduced to 62%; this can be attributed to 
the reversibility nature of the transesterification reaction which tends to decrease 
the biodiesel yield over time.  
 
 
 
Fig. 3 The effect of mixing intensity on the yield of biodiesel 
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3.4. Effect of catalyst particle size 
The rate of transesterification reaction is affected by the efficiency of the internal 
diffusion which to a certain extent is controlled by the diameter of the crystalline 
particles. A number of researchers have demonstrated the dependence of 
transesterification reaction on the particle size of the catalyst used. Generally, the 
reaction conversion increases with an increase in catalyst concentration as the 
catalysts sites are supposedly improved. However, this tends to reduce the 
specific surface area of the catalyst. Therefore, during a study of catalyst 
efficiency, it is essential to consider methods for improving the catalyst surface 
areas; one of the measures to achieve this is by reducing the catalyst particle 
size(Ngamcharussrivichai, Totarat, & Bunyakiat, 2008). In this chapter, various 
attempts were made to synthesize SOD particles with different morphologies and 
size distributions. This was achieved by adding controlled amounts of ethanol to 
the synthesis solution prior hydrothermal synthesis, where the size slightly 
reduced by 77 Å. As shown in Figure 4, without the ethanol additive during the 
hydrothermal synthesis, the resulting SOD (276 Å) catalyzed the 
transesterification to a TG conversion of 66.8%. The addition of 10ml and 20ml 
ethanol saw a reduction in SOD crystalline sizes and the transesterification 
reaction performance was slightly improved to a conversion of 68.4% as 
expected.  
 
The results in Figure 4 demonstrated that conversion and biodiesel yield 
increased to 68.4 % and 57.0% respectively, owing to a reduction in SOD 
particle size. This is due to the slight acceleration of the diffusion rate thereby 
contributing to an increase in the rate of reaction. Mass transfer or diffusion 
occurs between the different phases; hence heterogeneously catalysed reactions 
are more prone to mass transfer limitation than homogeneous catalytic reactions 
(Klaewkla, Arend, & Hoelderich, 2011). The catalytic reaction occurs when the 
reactants come into contact with the active site of the catalyst along the internal 
surface of the porous catalyst pellet. The observation made in this study on the 
possibility of improving reaction conversions by reducing catalyst crystalline size 
is consistent with what other researchers have found where nanoparticles of sizes 
between 22 nm - 25 nm (i.e. 220 Å -250 Å) were studied (Klaewkla et al., 2011; 
Mata, Mendes, Caetano, & Martins, 2014; Ngamcharussrivichai et al., 2008). 
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Fig. 4 The effect of catalyst particle size on the conversion/ yield of biodiesel 
 
 
3.5. Effect of reaction time 
As demonstrated by (Freedman et al., 1984), decades ago as well as (Vyas et al., 
2009) among other researchers, there exists a positive relationship between fatty 
acid esters conversion rate and reaction time, the reaction is slow in the initial 
stages due to the effect of phase mixing that and proceeds much faster after some 
time(Ma, Clements, & Hanna, 1999). The effect of reaction time on the 
production of biodiesel is depicted in Figure 5.  Both conversion and yield tend 
to increase with increasing reaction times as the contact time between the three-
phase reactants is extended, thereby allowing prolonged mass transfer. The 
transesterification reaction is reversible in nature, the observed decrease in yield 
over time is due to the possible loss of fatty acids as the reaction continues at 
extended reaction times(M. Daramola, Mtshali, Senokoane, & Fayemiwo, 2016; 
Eevera, Rajendran, & Saradha, 2009; Mathiyazhagan & Ganapathi, 2011) 
Nonetheless, due to maximum conversion rate of 78% percent after 24h, it was 
established that the suitable reaction time for beef tallow transesterification over 
hydroxy sodalite under the conditions in the study is 24 h. This is in agreement 
with the study conducted by (Liu et al., 2011) where a study was conducted on 
   
 
   
   
 
   
   
 
   
    Makgaba et al.    
 
    
 
 
   
   
 
   
   
 
   
       
 
the conversion of chicken and mutton tallow using a homogeneous sulfuric acid 
catalyst. 
 
 
Fig. 5 The effect of reaction time on the conversion/ yield of biodiesel 
 
 
3.6. Effect of reaction temperature 
The effect of reaction temperature on biodiesel yield is illustrated in Figure 6.  It 
can be seen the reaction temperature essentially influence the performance of the 
transesterification reaction. Both the yield of biodiesel and conversion rate 
increases with an increase in reaction temperature, and maximum performance 
was obtained at a temperature of 60°C, where the values of conversion and yield 
are 78% and 63% respectively. Higher temperature conditions tend to favour the 
transesterification reaction due to its endothermic behaviour (M. Daramola et al., 
2016; Farooq, Ramli, & Naeem, 2015) this is because the reactant molecule 
collisions are accelerated at higher temperatures, thereby facilitating miscibility 
among the three-phased reaction (solid catalyst-oil-alcohol) as well as the mass 
transfer (Farooq et al., 2015). Other researchers have achieved conversion rates 
above 90% (da Cunha et al., 2009; Yulianti et al., 2014); however, the 
transesterification reaction was homogeneously catalysed using potassium 
hydroxide and sodium hydroxide solutions respectively.  Homogeneously 
catalysed transesterification reactions tend to require an additional process stages 
such as esterification reaction to reduce FFA content, as well as a step for 
product separation, thereby affecting the economic viability of the biodiesel 
production process. 
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Fig. 6 The effect of reaction temperature on the conversion/ yield of 
biodieselVarious attempts were made to synthesize hydroxy sodalite particles 
with different morphologies and size distributions. This was achieved by adding 
controlled amounts of ethanol to the synthesis solution prior hydrothermal 
synthesis.  
4 Conclusions  
The effect of reaction parameters on the rate of transesterification of beef tallow 
oil over a solid hydroxy sodalite catalyst was successfully studied. Various 
attempts to alter particle size distributions of the sodalite catalyst were made, and 
the reduction in particle size from 276 Å to 199 Å was achieved. The smaller 
particle size proved to enhance the transesterification reaction performance at a 
conversion of 68.4%, from 61.8% which was obtained from the initial reaction 
conditions. The behaviour of the transesterification reaction was further affected 
by the alterations of temperature, where the highest temperature of 60 °C resulted 
in a much higher percentage conversion of 78.3% at the longest reaction time of 
24 h. 
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Abstract The high reliance on fossil fuels necessitates a need for clean energy resources. 
Biodiesel is gaining increasing attention among researchers owing to its 
environmental merits and its ability to use waste products. This study evaluated the 
feasibility of using Hydroxy Sodalite (HS) catalyst for the transesterification of 
animal fat (beef tallow) for biodiesel production. This follows a successful 
preliminary investigation that was conducted to produce biodiesel from waste 
cooking oil using the solid HS catalyst. The current study was carried out to 
synthesize the HS crystals using the hydrothermal synthesis approach. The crystals 
were applied in the transesterification reaction. The process was conducted at 60 C 
for 12 h at a methanol-to-animal fat ratio of 7.5:1 using 3 wt. % HS catalyst with a 
particle size less than 300 Å. The synthesized fatty acid methyl ester (FAME) was 
evaluated using a calibrated GC-MS and the results showed a yield of 39.6% and a 
conversion of 68.4%.    
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1. INTRODUCTION    
 
Over the past decades, energy consumption has significantly increased due to high population growth, 
advancement in technology and urbanization. According to the International Energy Agency, energy 
demands are expected to increase by about 48% between 2012 and 2040 (International Energy Agency, 
2016). Fossil fuels are the major source of energy, contributing about 86% of the global energy 
consumption (International Energy Agency, 2008). However, their utilization has resulted into increased 
emission of greenhouse gas which causes global warming that resulted in climate change.  Consequently,  
scientists and engineers around the globe are exploring alternative ways of producing energy, such as 
biofuel production, that is environmentally benign (Brennan and Owende, 2008; Foleya et al., 2012; 
Schenk et al., 2008; Yang et al., 2007; Zhou et al., 2010).   
 
Biodiesel produced from transesterification of vegetable oils and methanol using either a homogeneous or 
a heterogeneous catalyst. The use of edible oils and homogeneous base catalysts contributes to high costs 
of production, making biodiesel more expensive than the fossil fuel diesel. In addition, utilization of edible 
feedstocks is discouraged because of its negative impact on food security. As a result of the aforementioned 
reasons, scientists and engineers are exploring non-edible feedstocks such as animal fat, Jatropha oil, and 
waste cooking oil for the production of biodiesel (Aransiola et al., 2013; Aransiola et al., 2012; Daramola 
et al., 2015; Guo et al., 2012). However, most of these substrates contain free fatty acids (FFAs) which affect 
the transesterification process. The employment of conventional homogeneous catalysts, such as potassium 
hydroxide, sodium hydroxide and sodium methoxide, introduces additional operating costs for separation and 
recovery of the catalyst and the product. To circumvent this problem, production of biodiesel from feedstock 
with high FFAs is conducted as a two-stage process where the high FFA feedstock is first esterified to 
reduce the FFA content and then followed by the transesterification of the pre-treated oil to biodiesel 
(Yaakob et al., 2013; Sharma et al., 2011). However, the two-stage process requires additional reactor unit 
translating thereby into additional capital cost.  Against this background, this study explores the feasibility 
of using hydroxy sodalite (HS) as a solid catalyst for biodiesel production using animal fat oil as the 
feedstock.  
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2. MATERIALS AND METHODS 
2.1 Material  
Beef tallow (animal fat) was obtained from a local abattoir at Springs, in the East of Johannesburg, South 
Africa. The analytical grade methanol (99%), isopropanol (99%), ethanol (95%), phenolphalein, potassium 
hydroxide (KOH), catalyst materials; anhydrous sodium metal silicate (Na2SiO3), sodium hydroxide 
(NaOH), anhydrous sodium aluminate (NaAlO2), FAME (MIX, C4-C24, 100MG NEAT), glycerol (99 %) 
and other analytical chemicals were purchased from Sigma Aldrich (Pty), South Africa. All chemicals 
were used as received without further purification.   
 
2.2 Catalyst preparation 
The hydroxy sodalite (HS) particles were prepared via hydrothermal synthesis as documented elsewhere 
(Daramola et al., 2015). The precursor solution for the synthesis was prepared using a mixture of Na2SiO3, 
NaOH, NaAlO2 and distilled water in appropriate amount. The resulting mixture poured in a 45 ml Teflon-
lined autoclave and subjected to hydrothermal synthesis at 140 °C for 3.5 h. At the end of the reaction, the 
autoclave was cooled down by running tap water and the hydroxy sodalite (HS) crystals were obtained 
through filtration and rinsed with deionized water until the pH of the wash water was neutral. The washed 
HS crystals were subsequently dried overnight.  The dried HS crystals were calcined at 200 °C before 
using them in the transesterification reaction.    
 
2.3 Catalyst characterization   
Fourier transform infrared spectroscopy (FTIR) was used to examine the surface nature (chemical) of the 
HS catalyst. The morphology of the catalyst was checked with scanning electron microscopy (SEM) (Carl 
Zeiss, Germany). The textural properties ( surface area, pore size and pore volume) of the catalyst were 
obtained on a Micrometrics Tri-Star 3000 surface area and porosity analyzer at with nitrogen physisorption 
experiment as 77 K. Thermal stability of the catalyst was assessed on a thermal gravimetric 
analyzer (TGA). Crystallinity and phase of the catalyst was obtained via a X-ray powder diffraction (XRD) 
-
average size of the crystals was obtained using the XRD data and the Scherrer Equation (1):    
   
 
 
Where D represents the average particle size (Å), K symbolizes the dimensionless shape factor (Scherrer 
 is the X-ray wavelength  is the Full Width at Half Maximum  is the Bragg angle (oC).   
 
2.4 Free Fatty Acids (FFAs) content of the Animal Fat 
 
Compared to other oils used for transesterification reaction, animal fat oil usually contains high content of 
Free Fatty Acids (FFAs), i.e. way more than 1% of FFAs. As a result, animal fat oil would not be an ideal 
feedstock for transesterification reaction over a homogeneous alkaline catalyst due to the parallel reaction 
such as saponification that competes with transesterification at FFAs content >1%. To confirm the need 
for a heterogeneous catalyst, FFAs content of the animal fat oil was determined to ensure that it exists in a 
considerable amount. It was also required to prove the tolerance of the HS catalyst to a high content of free 
fatty acid during biodiesel production. Determination of the FFA content was carried out as described 
elsewhere (Daramola et al., 2015) and the acid value of the beef tallow oil was calculated using Equation 
(2):   
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where K represents the acid value constant for cooking oil (56.1). This value shows the mass of KOH (g) 
that is needed to neutralize 1 g of chemical substance. The concentration of titrate solution is denoted by 
C (g/ml). V (ml) represents the volume of titrate that is used to neutralize the sample. Whereas, the mass 
of sample used is represented by  (g). 
 
2.5 Transesterification  
The transesterification reaction was carried out as reported elsewhere (Daramola et al., 2015;  Daramola 
h to remove moisture and volatile matter that may block the pores of the catalyst surface. The 
transesterification reaction was conducted in a batch reactor (250 ml round bottom flask) setup equipped 
with a reflux condenser to prevent loss of methanol. The reactor, charged with proportionate amount of 
animal fat oil, methanol and HS catalyst was, immersed in a thermostat controlled oil bath to ensure the 
reaction was carried out at an isothermal condition. The reaction conditions were as follows: time 12 h; 
-to-animal fat oil ratio 7.5:1; catalyst weight percentage 3 wt. %; stirrer 
intensity 1000 rpm. After the completion of the reaction, the catalyst particles were recovered from the 
mixture by filtration using a 0.45 µm membrane filter. The liquid product mixture was separated into 
glycerol and biodiesel using a separating funnel and the glycerol was drained from the bottom of the funnel 
while biodiesel was collected from the top. Analysis of the biodiesel samples was performed using a pre-
calibrated Gas Chromatograph equipped with a LECO GC x GC Thermal Modulator (GC-MS, model: 
Agilent 7890N).   
 
3. RESULTS AND DISCUSSION   
3.1 Catalyst Characterization 
 
Figure 1 depicts the thermal behaviour of the HS catalyst. The trend observed in Figure 1 is in agreement 
with observation reported in previous studies regarding the thermal stability of hydroxyl sodalite where 
mass loss of about 12.3% is observed with the increase in temperature (Li et al., 2007; Yao et al., 2006; 
Daramola et al., 2017). The loss of mass could be due to the loss of water during heating up to just above 
oC could be attributed to the 
possible decomposition of the material at higher temperatures (Li et al., 2007; Yao et al., 2006). The BET 
Surface area, pore volume and the pore size as obtained from N2 physisorption experiments were 0.1643 
m²/g, 0.0013 cm³/g and 30.9192 nm, respectively. In addition, the FTIR results obtained in this study are 
in agreement with the results documented in the previous study, thereby confirming the reproducibility of 
the synthesis (Makgaba and Daramola, 2015). The XRD patterns depicted in Figure 2 confirm the 
formation of HS particles. The average size of the HS crystallite was found to be 276 Å using the XRD 
data and the Scherrer equation.  Furthermore, the XRD pattern for the synthesized HS in the study agrees 
with the simulated XRD pattern documented in the database of zeolite structures by the International 
Zeolite Association (International Zeolite Association, 2016).    
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Figure 1 TGA results of the synthesized HS catalyst 
 
 
 
Figure 2 XRD pattern of the synthesized HS catalyst. 
 
3.2 Raw material 
Unlike vegetable oils which are generally rich in unsaturated fatty acids, animal fats are rich in saturated fatty 
acids (Talswar et al., 2016). In most beef tallows, about 50% of the total fatty acids are saturated, with higher 
contents of palmitic and stearic acids hence they are high in viscosity and melting points (Adewale et al., 2014; 
Adewale et al., 2015). This explains why they are solid at room temperature and therefore the need for heating 
prior the transesterification reaction. Acid profile for the tallow used in this experiment is shown in Table 1, 
Hexadecanoic acid (Palmitic acid) is abundant in this sample, furthermore, as expected, there exist little or no 
fatty acids of 10 carbon atoms or less (Talswar et al., 2016). Other properties of oil such as % FFAs, 
saponification value and density were found to be, 4.53%, 188 mg KOH/g and 0.870 g/ml, respectively. The 
high amount of FFAs found in the Beef tallow oil justified the need to use a heterogeneous catalyst during 
transesterification reaction. Unlike homogeneous catalysts, heterogeneous catalysts are less sensitive to FFAs; 
as a result, the likelihood of soap formation side reaction which affects the biodiesel yield is overridden.   
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Table 1 Composition of the Fatty Acid animal fat oil 
Fatty Acid  Weight  % 
Decanoic acid C10:0 0.92 
Undecanoic acid C11:0 0.01 
Tridecanoic acid C13:0 9.42 
Hexadecanoic acid C16:0 83.88 
Oleic acid C18:1 0.17 
Docosenoic acid C22:1 1.89 
Other - 3.71 
 
 
Figure 3 and Figure 4 depict the chromatograms the standard FAME (obtained from Sigma Aldrich (Pty) South 
Africa) and the as-produced FAME mixtures from the transesterification reaction, respectively.  The same 
FAME components were obtained at the retention times between 8 and 11 min for the as-produced biodiesel 
and the standard biodiesel, indicating the successful transesterication of the animal fat oil to FAME using the 
synthesized HS catalyst.  Since the composition of biodiesel depends on the type of feedstock, the as-produced 
biodiesel does not show all types of FAME contained in the standard biodiesel. It is should be noticed that the 
standard biodiesel sample is expected to contain all the expected components of biodiesel for analysis and 
bench-marking. However, main components usually found in biodiesel mixture are common in the two 
mixtures.  
 
The animal fat oil conversion and the biodiesel yield of 68.8% and 39.6%, respectively, were obtained in this 
study. Previous report from Liu et al. (2007) where the transesterification of poultry fat oil with methanol using 
Mg-Al hydrotalcite catalyst was carried out shows oil conversion of about 90% and a biodiesel yield of 83%. 
The operating conditions employed by Liu et al. in their study were reaction time of 15 h, reaction temperature 
of  120 °C; reaction pressure of 100 psi, methanol/oil ratio of 30:1 and a stirring speed of 1417 rpm. In another 
study by Liu et al. (2011) during which beef tallow oil was transesterified into using homogeneous sodium 
hydroxide catalyst, a conversion of 96.3% was reported at a shorter reaction time. However, the process where 
homogeneous catalyst is used would require an additional product separation step which would potentially 
increase the production costs. The lower conversion and yield obtained in this study could be attributed to the 
lower operating conditions employed in this as compared to the report of Liu et al. In addition, the different 
type of the feedstock used in this study could be another contributing factor.  The need for developing 
heterogeneous catalyst for biodiesel production especially with low grade feedstock (High in FFAs content) 
was showcased by Fröhlich et al. (2010). The authors demonstrated that using homogeneous catalyst for the 
transesterification of low grade feedstock could yield a conversion as low as 55% and the conversion could 
even reduce as the feedstock with even greater content of FFA is used.  
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Figure 3 Chromatograph for standard biodiesel 
 
 
 
Figure 4 Chromatograph for the synthesized biodiesel 
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Table 2 Composition of the Standard FAME mixture 
  
 
 
Table 3  Composition of the as-produced FAME from Animal Fat oil 
Peak 
No.  Identified Compound 
R.T. 
(min:sec) Formula 
1 Butyric acid, methyl ester 03:07.9 C7H14O2 
2 Capric acid, methyl ester 06:06.6 C12H24O2 
3 Myristoleic acid (Z)-, methyl ester 08:33.7 C19H36O2 
4 Myristic acid, methyl ester 08:36.8 C13H26O2 
5 Pentadecanoic acid, methyl ester 09:08.7 C19H36O2 
6 Pentadecanoic acid, methyl ester 09:08.7 C19H36O2 
7 Palmitic acid, methyl ester 09:40.8 C13H26O2 
8 Stearic acid, methyl ester 10:43.4 C13H26O2 
9 11,14,17-Eicosatrienoic acid, methyl ester 11:32.5 C19H32O2 
10 11,14-Eicosadienoic acid, methyl ester 11:38.7 C21H38O2 
11 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 11:41.7 C19H36O2 
12 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 11:41.7 C19H36O2 
 
Peak 
No.  Identified Compound 
R.T. 
(min:sec) Formula 
Peak 
No.  Identified Compound 
R.T. 
(min:sec) Formula 
1 Hexanoic acid, methyl ester 03:06.1 C7H14O2 17 Dodecanoic acid, methyl ester 10:41.9 C13H26O2 
2 Hexanoic acid, methyl ester 03:52.6 C7H14O2 18 
5,8,11,14-Eicosatetraenoic acid, 
methyl ester, (all-Z)- 11:26.8 C21H34O2 
3 Octanoic acid, methyl ester 04:39.2 C9H18O2 19 
5,8,11,14,17-Eicosapentaenoic 
acid, methyl ester, (all-Z)- 11:29.3 C21H32O2 
4 Undecanoic acid, methyl ester 06:07.0 C12H24O2 20 
9,12,15-Octadecatrienoic acid, 
methyl ester, (Z,Z,Z)- 11:32.9 C19H32O2 
5 Undecanoic acid, methyl ester 06:47.6 C12H24O2 21 
11,14-Eicosadienoic acid, methyl 
ester 11:39.6 C21H38O2 
6 Undecanoic acid, methyl ester 07:26.1 C12H24O2 22 
9-Octadecenoic acid (Z)-, methyl 
ester 11:41.2 C19H36O2 
7 Dodecanoic acid, methyl ester 08:02.6 C13H26O2 23 
9,12,15-Octadecatrienoic acid, 
methyl ester, (Z,Z,Z)- 11:42.3 C19H32O2 
8 
9-Octadecenoic acid (Z)-, 
methyl ester 08:33.4 C19H36O2 24 
Pentadecanoic acid, 14-methyl-, 
methyl ester 11:50.1 C17H34O2 
9 Dodecanoic acid, methyl ester 08:37.2 C13H26O2 25 
Hexadecanoic acid, 15-methyl-, 
methyl ester 12:29.7 C18H36O2 
10 
9-Octadecenoic acid (Z)-, 
methyl ester 09:06.7 C19H36O2 26 
11,14-Eicosadienoic acid, methyl 
ester 13:01.1 C21H38O2 
11 Undecanoic acid, methyl ester 09:10.2 C12H24O2 27 
Cyclopropanepentanoic acid, 2-
undecyl-, methyl ester 13:02.8 C20H38O2 
12 
9-Octadecenoic acid (Z)-, 
methyl ester 09:35.6 C19H36O2 28 Heneicosanoic acid, methyl ester 13:13.6 C22H44O2 
13 Dodecanoic acid, methyl ester 09:41.7 C13H26O2 29 Heneicosanoic acid, methyl ester 14:01.7 C22H44O2 
14 
9-Octadecenoic acid (Z)-, 
methyl ester 10:06.0 C19H36O2 30 
Cyclopropanepentanoic acid, 2-
undecyl-, methyl ester 14:41.4 C20H38O2 
15 Dodecanoic acid, methyl ester 10:11.7 C13H26O2 31 Heneicosanoic acid, methyl ester 14:53.9 C22H44O2 
16 ç-Linolenic acid, methyl ester 10:27.9 C19H32O2     
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Abstract— In this article, preliminary investigation on the use of 
hydroxy sodalite (HS) as a solid catalyst for the 
transesterification of waste cooking oil (WCO) to biodiesel is 
presented. Hydroxy sodalite was synthesized in our laboratory 
via the conventional hydrothermal synthesis technique and the 
crystals were used as basic solid catalyst to convert waste cooking 
oil to biodiesel. Physicochemical properties of the as-synthesized 
HS catalyst were obtained using Fourier Transform Infrared 
Spectroscopy (FT-IR) for surface chemistry and Scanning 
Electron Microscopy (SEM) for the morphology. The reaction 
was conducted at 60oC for 6 h at a methanol-to-WCO ratio of 
7.5:1 using 3 wt.%  HS catalyst. The stirring was at 400 rpm to 
ensure uniform concentration and heat distribution during the 
reaction. The product obtained after the reaction was analyzed 
using a pre-calibrated Chromatography- Mass Spectrometer 
(GC-MS). The SEM images of the solid catalyst and the FTIR 
spectra show that HS particles were synthesized.  The result of 
the analysis of the product revealed that biodiesel was produced. 
As far as could be ascertained, this is the first open report on the 
use of HS as solid catalyst for biodiesel production.  The results of 
the investigation opened up further on-going research efforts in 
this area in our laboratory and subsequent results will be 
communicated in the future.  
Keywords-hydroxy sodalite; catalyst; waste cooking oil; 
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I. INTRODUCTION  
The Combustion of fossil fuels has an immense 
detrimental effect on the environment. The release of pollutant 
gases such as NOx, SOx, and CO is inevitable during this 
process.  In addition, the price instability of fossil fuels poses a 
serious threat to countries with limited resources. Taking into 
account the limited amount of energy resources, their 
increasing prices and environmental issues associated with the 
use of conventional fuels for energy, other means of producing 
energy sustainably have become the forefront of research. 
Amongst the studies for other means of providing sustainable 
energy is biodiesel, which is a branch of biofuels and has 
become an essential alternative for liquid fuels.  
Previous studies have demonstrated the use of typical 
edible plant oils, such as soybean, rapeseed oil and palm oil 
for the production of biodiesel [1]. These raw materials are not 
entirely suitable, more especially in developing countries, due 
to the limited supply and high cost associated with their 
application, as well as competition with the food chain [3]. 
Therefore, low cost, non-edible oils such as Jatropha oil, 
animal fat and waste cooking oil have been suggested and 
tested as alternatives [4-7]. However, the main disadvantage of 
these non-edible types of feedstock is the high content of free 
fatty acid (FFA) within the oils, which poses problems in the 
production process. Consequently, Biodiesel from high FFA 
content feedstock is conventionally produced by a two-stage 
process:  esterification, followed by transesterification [8].  
The esterification step serves to reduce the amount of FFAs 
present in the oil in order to allow for the transesterification 
reaction to commence [9]. The implication of this additional 
process unit is inevitably the additional costs associated with 
the biodiesel production.  
In recent times, the use of heterogeneous catalysts has been 
proven to be very effective in converting high FFA feedstock 
directly to biodiesel, thereby by-passing the esterification 
stage [4,7,10-11]. The most commonly used heterogeneous 
catalysts for the production of biodiesel are ion-exchange 
resins, inorganic-oxide solid acids and supported noble-metal 
oxides. However, a dramatic decrease in the catalytic activity 
of these catalysts has been observed due to their absorption of 
water during biodiesel production [10].Besides the sharp 
reduction in the catalytic activity, the catalysts can form a 
slurry with the products by absorbing water and carbon 
dioxide, thereby increases the viscosity of the product mixture, 
making product separation very difficult [12].  In recent times, 
a few research efforts have been expended on the development 
of heterogeneous catalysts for biodiesel production [4,7,12-13]. 
For biodiesel production from WCO, recent concerted 
research efforts have investigated the use of solid-base 
catalysts obtained from pyrolyzed rice husk [10] and silica 
sulfuric acid [14]. As far as could be ascertained, there is no 
report in the open literature on the conversion of WCO to 
biodiesel over calcined solid hydroxy sodalite (HS) catalyst. 
As a contribution to the concerted research efforts in this area, 
this paper presents results of a preliminary investigation on the 
conversion of WCO to biodiesel over heterogeneous HS 
catalyst. 
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II. MATERIAL AND METHOD  
A. Materials 
Waste cooking oil was obtained from a local restaurant in 
Braamfontein, Johannesburg, South Africa. The analytical 
grade methanol (99%), isopropanol (99%), ethanol(95%), 
catalyst materials; anhydrous sodium metal silicate (Na2SiO3), 
sodium hydroxide (NaOH), anhydrous sodium aluminate 
(NaAlO2) and all GC analytical standard chemicals; FAME 
(MIX, C4-C24, 100MG NEAT) and Glycerol( 99 %) were 
used in this study. All chemicals were purchased from Sigma-
Aldrich, South Africa. 
B. Free Fatty Acid (FFA) Content and Characterization of 
Catalyst  
Free fatty acid content in WCO was determined to ensure 
that a considerable amount of free fatty acids exist in the WCO. 
This was done to confirm the need for a heterogeneous 
catalyst. It was also required to prove the tolerance of HS to a 
high content of free fatty acid in biodiesel production. 
Determination of the FFA content was carried out as described 
elsewhere [7] and the acid value of the WCO was calculated 
using Equation (1):  
 
Where K is the acid value constant (a neutralization 
number) for cooking oil amounting to 56.1 (this is the mass of 
KOH in milligrams that is required to neutralize 1 g of 
chemical substance). The concentration of titrate solution is 
denoted as C in units of (g/ml). The volume of titrate required 
to neutralize the sample is denoted as V in units of (mL). 
Lastly, the mass of sample used is denoted as  in units of (g). 
C. Catalyst Preparation and Characterization  
Hydroxy sodalite particles were prepared from a mixture 
of the anhydrous Sodium meta silicate (Na2SiO3), sodium 
hydroxide (NaOH), anhydrous sodium aluminate (NaAlO2) 
and de-ionized by hydrothermal synthesis method via 
hydrothermal synthesis described elsewhere [15]. The FT-IR 
was used to characterize the chemical functional groups of the 
catalyst, with a wave number range from 400 to 4000 cm-1. In 
order to carry out an SEM analysis, the hydroxy sodalite 
catalyst was initially coated with ultrathin gold/palladium 
alloy due to its nonconductive nature. The determination of 
surface topology and morphology of the catalyst was 
determined by SEM, performed on a Carl Zeiss, operating at 
an accelerated voltage of 5.00 kV. 
D. Biodiesel Production  
The procedure and some of the reaction parameters used 
for the transesterification reaction were adapted from the work 
done by Guo, Peng, Dai, & Xio (2010). Hydroxy sodalite 
particles were first calcined at 200˚C for 2 hours to increase 
the catalyst activity; by removing moisture and volatile matter 
that may block the pores of the catalyst surface. The 
transesterification reaction was carried out in a 250 ml three 
necked round bottomed flask, batch reactor setup; equipped 
with a reflux condenser to prevent loss of methanol. The flask 
charged with relevant amount of waste cooking oil, methanol 
and HS particles was immersed in a thermostat controlled 
water bath placed on a hot plate magnetic stirrer.  The reaction 
conditions were: reaction time 6 h; reaction temperature 60 ˚C; 
methanol-to-WCO ratio 7.5:1; catalyst weight percentage 3 
wt. %; stirrer intensity 400 rpm. After the completion of the 
reaction, the catalyst particles were recovered from the 
mixture by filtration through nylon filter paper (0.45 µm pore 
dimension). Separating funnel was used to separate the 
products and glycerol was drained from the bottom of the 
funnel while biodiesel was collected from the top. Analysis of 
the samples was performed using a pre-calibrated Gas 
Chromatograph equipped with a LECO GCxGC Thermal 
Modulator (GC-MS, model: Agilent 7890N). 
III. RESULTS AND DISCUSSION  
The SEM image and the FTIR spectrum of the HS particles 
are presented in Figure I (a) Figure I (b), respectively. The 
EDX analysis of the HS crystals showed that Si/Al= 1-1.5, 
indicating HS framework. The SEM image (Figure 1(a)) 
shows that HS crystals were successfully synthesized. 
However, a mixture of HS particles with cubic shape and 
nanorod-like shape were also observed. The observed 
morphology is consistent with previous studies where other 
shapes of hydroxy sodalite such as nanorods, flower-like, 
urchin, thread-ball and cubic/octahedral shape have been 
reported [16-17]. The FTIR spectrum in Figure I (b) shows the 
asymmetric stretching vibration of T-O-T (T-Si, Al) at ~1000 
cm-1. In addition, the peaks around 740 cm-1 and 660 cm-1 can 
be assigned to the symmetric stretching vibration of T-O-T. 
The presence of water molecules in the framework of the 
synthesized HS is vividly shown with the strong broad band 
centered at ~3600 cm-1 [18]. This information confirms the 
synthesis of   pure HS particles and is in agreement with 
literature [19]. 
 
 
FIGURE I.  PHYSICO-CHEMICAL CHARACTERIZATION OF THE HS 
CATALYST. SEM IMAGES (A); FTIR SPPECTRUM (B). 
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The free fatty acid content in the WCO sample was 
determined to be 3.28%. According to previous studies, the 
base-catalyzed trans-esterification requires that oil samples 
should have FFA content less than 1% to avoid the occurrence 
of hydrolysis and saponification reactions [20]. The 
production of biodiesel was successful even though the FFA 
content exceeded the recommended 1% because of the use of 
hydroxy sodalite as a catalyst for trans-esterification. Since the 
structure of HS is made up of Si-O-Si, it could be speculated 
that it exhibits the same behavior as sodium metasilicate 
whereby hydrolysis reaction with sodium silicate and water 
resulted in the formation of NaOH and Si-O-H  [4], thereby 
suppressing the formation of soap because of the decreased 
water content (less than 4%) [12].The tolerance of HS to water 
could be attributed partly to its porous structure. Furthermore, 
the unique structure of the catalyst could enhance sequential 
hydration to occur in three steps when there are high amounts 
of water present. In addition, the Si-O-Si bridges that form the 
cages of the HS could hydrolyze and cause H4SiO2 monomers 
to be released and thus produce -OH which prevents soap 
formation [12]. 
Since biodiesel mixture comprises major components of 
fatty acid methyl esters of long chain carbon chains (C6:0-
C24:1) was used as the standard. Qualitatively, the results of 
the GC-MS analysis of the reaction products are shown in 
Figure II (top & bottom) and Table I (for the biodiesel 
standard) and Table II   (for the produced biodiesel).  From the 
peaks depicted by Figure 2, FAME components in the 
mixtures for both the standard and produced biodiesel could be 
identified and compared.  FAME peaks are only identified 
between 13 minutes and 19 minutes retention times for the 
produced biodiesel when compared to peaks in the standard. 
This can be attributed to the fact that the FAME components 
in the biodiesel largely depend on the type of feedstock used. 
However, major components making up biodiesel mixture are 
common in the two mixtures; confirming the feasibility of 
using the synthesized HS as a catalyst for the 
transesterification reaction of WCO to biodiesel. 
IV. CONCLUSION  
The results of the preliminary investigation reveal the 
possibility of converting WCO to biodiesel over calcined HS 
catalyst. Although information about the conversion and the 
biodiesel yield with this catalyst is not provided in this article. 
However, the information contained in this piece serves as 
impetus for further research efforts on the use of HS as solid 
catalyst for biodiesel production. At the moment, research 
efforts are geared towards an in-depth understanding of the 
mechanism and kinetics of the HS catalyzed transesterification 
process for biodiesel production in our laboratory. Results of 
our findings will be communicated in the future.  
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FIGURE II.  CHROMATOGRAMS OF THE BIODIESEL SAMPLES. OBTAINED FROM THE STANDARD BIODIESEL (TOP); OBTAINED FROM THE 
TRANSESTERIFICATION OF WCO OVER HS CATALYST (BOTTOM). 
TABLE I.  GC-MS ANALYSIS OF THE  BIODIESEL STANDARD 
Peak 
no. Name   
RT 
(min:sec) 
Peak 
no. Name   
RT 
(min:sec) 
1 Hexanoic acid, methyl ester C6:0 05:33 16 Linoleic acid, methyl ester C18:2 15:37
2 Octanoic acid, methyl ester C8:0 07:44 17 Oleic acid, methyl ester C18:1 15:39
3 Decanoic acid, methyl ester C10:0 09:44 18 Linolenic acid, methyl ester C18:2 15:40
4 
Tridecanoic acid, methyl 
ester C13:0 10:39 19 Octadecanoic acid, methyl ester C18:0 15:48
5 
Dodecanoic acid, methyl 
ester C12:0 11:30 20 Arachidonic acid C20:4n6 16:37
6 
Tridecanoic acid, methyl 
ester C13:0 12:19 21
5,11,14,17-Eicosapentaenoic 
acid, methyl ester(all-Z) - 16:39
7 
Tetradecanoic acid, methyl 
ester C14:0 13:01 22 Linolenic acid, methyl ester C18:2 16:43
8 Methyl tetradecanoic acid C14:0 13:06 23
11,14-Eicosadienoic acid, 
methyl ester,(Z,Z,Z) - 16:48
9 Oleic acid, methyl ester C18:0 13:45 24 Oleic acid, methyl ester C18:0 16:50
10 
Tridecanoic acid, methyl 
ester C13:0 13:49 25 Linolenic acid, methyl ester C18:2 16:51
11 
Hexadecanoic acid, methyl 
ester(Z) C16:0 14:23 26 Eicosanoic acid, methyl ester C20:0 16:57
12 
Hexadecanoic acid, methyl 
ester C16:1 14:31 27 Hexadecanoic acid, methyl ester C16:1 17:31
13 
Cyclopropaneoctanoic acid, 
methyl ester C17:1 15:03 28 Oleic acid, methyl ester C18:0 19:15
14 
Tridecanoic acid, methyl 
ester C13:0 15:11 29
Hexadecanoic acid, 15-methyl-, 
methyl ester - 19:24
15 
ҫ-Linolenic acid, methyl 
ester C18:2 15:32
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TABLE II.  GC-MS ANALYSIS OF THE  PRODUCED BIODIESEL 
Peak 
no. Name   RT(min:sec) 
1 Tridecanoic acid, methyl ester C13:0 14:31 
2 Undecanoic acid, methyl ester C11:0 14:45 
3 Linoleic acid, methyl ester C18:2 15:37 
4 Oleic acid, methyl ester C18:1 15:39 
5 Octadecanoic acid, methyl ester C14:0 15:48 
6 9,12 Octadecanoic acid C18:2 15:54 
7 10-Undecyn-1-ol - 17:48 
8 9,12 Octadecadienoyl chloride - 19:14 
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